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Zusammenfassung 
Die vorliegende Masterarbeit beschaeftigt sich mit der Untersuchung des 
Selbstzuendungsphenomens (Klopfen) des Kraftstoff-Luft Gemisches bei den 
Motoren der Baureihe EA 827 (1.6 und 1.4 l) waehrend des Warmstarts. Im 
Vorfeld der Untersuchungen werden im Kapitel drei basierend auf einer 
Literaturrecherche die grundlegenden Eigenschaften von Kraftstoffen in Bezug 
auf die Siedekurve, den chemischen Aufbau und die Bewertung der 
Klopfneigung (Oktanzahl) diskutiert. Des Weiteren wird auf die unterschiedlichen 
Erscheinungsformen des Klopfens und auf ihre Erkennung/ Bewertung 
eingegangen. Ferner werden im Rahmen der Vorstellung des Motor-
managements applikative Moeglichkeiten zur Beeinflussung/ Vermeidung von 
Klopfen aufgezeigt. Das Kapitel vier erlaeutert ausfuehrlich die verwendete 
Messtechnik und die speziell zur Signalkonditionierung des Einspritz- und 
Zuendsignals angefertigten Schaltkreise. Diese sind aufgrund des begrenzten 
Messbereichs der verwendeten Messtechnik erforderlich. Das Kapitel fuenf stellt 
die verschiedenen Beeinflussungsmoeglichkeiten von Seiten des Motor-
steuergeraetes dar, welche Klopfen verhindern bzw. eliminieren koennen. 
Ferner werden die Erprobungsresultate praesentiert, die im Rahmen der 
Sommererprobung erzielt wurden und den neuesten Applikationsstand 
verifizieren. Die Untersuchungen ergaben, dass nur die Verringerung der 
eingespritzten Kraftstoffmenge (unmittelbar waehrend des Startvorgangs) das 
Selbstzuendungsphenomen beseitigt. 
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Schlussendlich zeigt ein Vergleich zwischen den Applikationsstaenden in Bezug 
auf die Startzeit, dass diese aufgrund der Kraftstoffverminderung minimal 
ansteigt. Basierend auf den Erprobungsergebnissen wird in Kapitel sechs ein 
Simulationsmodel in Matlab/Simulink entwickelt, welches die Klopf-
wahrscheinlichkeit in einem 1.4 l (Econo) Motor waehrend des Warmstarts 
vorausberechnet. Aus der Analyse des Verbrennungsverlaufs werden diverse 
Groessen (maximale Waermefreisetzung, verbrauchter Massenanteil) 
gewonnen, die wiederum fuer die Ermittlung des integralen Zuendverzugs, des 
charakteristischen Kurbelwellenwinkels und der Wahrscheinlichkeitsberechnung 
benoetigt werden. Die abschliessende Verifikation der Simulationsergebnisse 
liefert zufriedenstellende Ergebnisse, insofern ist die Funktionsweise des 
Models bewiesen.   
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Abstract 
This Master’s thesis discusses the investigation of autoignition (knock) of air-fuel 
mixtures in internal combustion engines (type EA 827; 1.6 and 1.4 l) under hot 
start conditions. Chapter Three comprehensively reviews literature on fuel 
characteristics; specifically boiling point, chemistry and the difference between 
the Research and Motor Octane Number (RON and MON). Furthermore 
different types of autoignition are discussed with regards to their detection and 
assessment in the chapter. The subsection on engine management looks at 
possible methods of altering and eliminating autoignition. Chapter Four details 
the equipment used to obtain data and measurements, as well as the signal 
conditioning of the spark and injector signal. Chapter Five discusses the actual 
results obtained during summer testing of the different methods of altering and 
eliminating autoignition in an internal combustion engine, as derived from the 
theories presented in Chapter Three. The summer tests finally verified the new 
application level and showed that only a reduction in the quantity of fuel injected 
can eliminate autoignition. However, a slight decrease in heat release does 
cause an increase in start time. In Chapter Six, based on the test results, a 
simulation model which calculates the probability of autoignition in a 1.4 l 
(Econo) engine during hot start conditions in Matlab/Simulink was developed. 
This simulation model satisfactorily verified test results.  
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1. Problem statement 
The motivation for this master’s thesis was initiated with problem in the 1.6 
(74kW), 1.4 (63kW) and 1.4 l Econo (55kW) engines of the Golf A1. During hot 
start conditions the engines create a very distinctive sound which could be 
identified as autoignition. Autoignition decreases the engine’s life expectation, 
and the sound can create a negative quality impression. Therefore this thesis 
investigates the reason for the occurrence of autoignition and ways to eliminate 
this phenomenon. Due to the broad nature of the topic the investigations will 
concentrate on 1.4 l LE and 1.6 l engines with regard to the application of the 
electronic control unit (ECU), and not on engine design. The development of 
special equipment to measure the appropriate engine signals is essential and 
should be discussed in detail.  
 
Besides the practical problem-solving, a simulation model will be developed with 
Matlab/ Simulink with the aim of predicting the probability of autoignition during 
hot start conditions for the 1.4 l LE engine. The outcome of the model will be a 
value which shows the probability of autoignition during a hot start. Furthermore 
a literature review will provide an informed background with regard to the 
practical and theoretical/ simulation elements.  
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2. Introduction 
The rapid technological advancement within the areas of fuel consumption, 
driveability, acoustic behaviour, comfort and the increasing environmental 
awareness within the automotive industry requires highly developed engineering 
tools. This applies especially to engines using advanced engine management 
systems to achieve, for instance, the restrictive exhaust gas specifications or to 
regulate the interaction of different engine components.  
 
The electronic control unit (ECU) is the most important element and demands 
huge development effort because the application engineer has to calibrate all 
the variables in the ECU. This means that every condition (e.g. cold/ hot start, 
exhaust gas composition, ignition timing, point of injection time etc.) has to be 
calibrated. The individual values are presented in engine calibration maps. 
These engine maps contain the required information for driving conditions and 
effect engine behaviour and performance.  
 
This master’s thesis owes its motivation to the appearance of autoignition during 
hot start conditions in the 1.4 l LE, 1.4 l and 1.6 l engines. It will investigate the 
elimination of autoignition during hot start; in so doing it will discuss the causes 
and possible solutions to the phenomenon.  
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The information obtained from measurements will be used to develop a 
simulation model with Matlab/ Simulink to calculate the probability of autoignition 
in a 1.4 l LE engine. This model contains the engine dimensions, 
thermodynamic characteristics and carburetion of an engine. In addition, the 
simulation results will be verified with measured results and their plausibility will 
be checked and validated. 
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3.1. 
3. Literature review 
This chapter provides an overview of the literature relevant to the three different 
principal areas of focus for this research thesis. These areas are: 
• the specific properties of fuels 
• the phenomenon of engine knock/ autoignitions and 
• engine management. 
 
Because a basic knowledge of each area is important to the understanding of 
the complete task, these three topics will be discussed.  
 
Fuel characteristics 
The two main factors which influence the tendency to knock are engine design 
and operating variables. These factors influence end-gas temperature and in-
cylinder pressure and the duration at high levels of these two properties before 
flame arrival. However, the knock phenomenon is governed by both engine and 
fuel properties, and the absence or the presence of knock depends primarily on 
the antiknock quality of the fuel [3] being used.  
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3.1.1. Boiling point 
Boiling point is an important assessment criterion for petrol quality. An 
unsuitable boiling point causes starting and handling problems in a petrol 
engine. Due to the variety of hydrocarbons in fuel the boiling point is not a single 
value, but a curve. The boiling point curve starts at 30 °C and ends between 195 
and 210 °C (see Appendix A.1). Appropriate boiling point characteristics are 
essential for the effective operation of internal combustion petrol engines under 
all operating conditions. Elements with a low boiling point are necessary for 
quick engine starts, good driveability and low exhaust emissions during the 
warm-up phase. However, too many of these elements cause nucleation and an 
increase in evaporation loss during summer, and can also affect throttle body 
icing during cold and wet atmospheric conditions.  
 
On the other hand, elements with a high boiling point are beneficial, because 
they contain more energy than low boiling point elements. However, too many 
high boiling point elements can condense on the cylinder wall, particularly during 
cold start conditions. They then mix with the oil film and dilute the engine oil, 
causing higher abrasion and increasing exhaust emissions [9]. Figure 1 shows 
the contrasting requirements for cold drive-away and hot driveability. 
.
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Figure 1: Volatility versus cold drive away behaviour/ hot drive ability [10] 
 
The European standard for fuel shows six different volatility categories. Four of 
these are for the low-boiling fuels, and take into consideration geographical and 
seasonal variations in air temperature. These are described below, with 
reference to the fourth edition of the World Fuel Charter (2005): 
 
• Category 1: ”Markets with no or first level emission control, based 
primarily on fundamental vehicle/ engine performance and protection of 
emission control system. For example, markets requiring US Tier 0 and 
Euro 1 emission standards.”  
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• Category 2: “Markets with stringent requirements for emission control or 
other market demands. For example, markets requiring US Tier 1, Euro 2 
or 3, or equivalent emission standards.” 
 
• Category 3: “Markets with advanced requirements for emission control or 
other market demands. For example, markets requiring US/ California 
LEV or ULEV, Euro 3, JP 2005, or equivalent emission standards.” 
 
• Category 4: “Markets with further advanced requirements for emission 
control to enable sophisticated NOx and particulate matter after-treatment 
technologies. For example, markets requiring US EPA Tier 2 or 2007/ 
2010 Heavy Duty On-Highway, US EPA Non-Road Tier 4, US California 
LEV-II, Euro 4, Euro 5 Heavy Duty, or equivalent emission standards.” 
 
Specific volatility areas and vapour pressures are determined for local 
requirements [9] according to a particular country’s requirements and its 
seasonal variations. The national standard SANS 1598:2004 specifies 
requirements for fuel in South Africa.  
 
 
Literature review 
 
 - 8 -
3.1.2. Chemistry 
The ability to resist knock is highly dependent on the individual hydrocarbon 
compounds i.e. their molecular size and structure. The following points relating 
to Heywood and Riedel [3, 24] show the different hydrocarbon properties: 
 
Paraffins 
• Decrease the knock tendency: 
⇒ Compact carbon atoms by incorporating side chains. 
⇒ Bond methyl groups (CH3) to the basic carbon chain (second from 
the end or centre position). 
• Increase the knock tendency: 
⇒ Increase the length of the carbon chain. 
 
Olefins 
• Decrease the knock tendency: 
⇒ Introduction of one double bond has little antiknock effect, but two 
or three double bonds cause appreciably less knock. 
⇒ Exceptions to this rule are acetylene (C2H2), ethylene (C2H4) and 
propylene (C3H6), which increase knock much more than the 
corresponding saturated hydrocarbons. 
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Napthenes and aromatics 
• Decrease the knock tendency: 
⇒ The introduction of one double bond has little antiknock effect, but 
two or three double bonds generally cause significant reductions in 
knock. 
⇒ The splitting of the molecular chain. 
• Increase the knock tendency: 
⇒ Lengthening the side chain attached to the basic ring structure 
increases the knock tendency in both groups of fuel.  
• The knock tendency of Napthenes is significantly greater than the knock 
tendency of corresponding size aromatics. 
 
The graphs in Appendix A.2/ A.3 show the correlation between the critical 
compression ratio/ research octane number and the number of carbon atoms in 
a hydrocarbon molecule.  
 
3.1.3. Octane number (RON and MON) 
Octane numbers are an indication of the antiknock resistance of motor fuel, i.e. 
they describe the ability to avoid an uncontrolled combustion in the unburnt end-
gas mixture before the flame front arrives. The flame front propagation speed 
during knock is ten times higher than under normal conditions and occurs for a 
very short period [9].  
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Longer knock duration can cause damage to the spark plugs, pistons, cylinder-
head gasket and valves as a result of high pressure, pressure vibrations 
(cavitation pitting) and high temperatures in the combustion chamber [9].   
 
The octane number is fundamentally classified as a research octane number 
(RON) and motor octane number (MON). Measurements for both classifications 
are made all over the world using a standardised (DIN EN 25164 and 25163) 
single cylinder internal combustion engine. The principle characteristic of these 
engines is that the compression ratio is continuously variable during 
measurement, making it possible to have the same knock intensity for different 
fuels. This knock intensity is measured with a pressure transducer which is 
situated in the combustion chamber. An electronic circuit analyses the signal 
and presents the knock intensity as an average value [9].  
 
Operating conditions with regards to the standardised test are different due to 
changing engine behaviour under part or full load. For example, during full load 
acceleration and lower engine speeds the fuel will mostly be assessed in terms 
of RON, whereas MON will be used to assess the fuel under full load and higher 
engine speeds. The motor octane number has more severe testing conditions 
than the research octane number, and the research octane number is higher 
than the motor octane number. The difference between these two values is 
called sensitivity [9]. Table 1 refers to Heywood [2] and summarises the 
operating conditions for the RON and MON methods:  
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Table 1: Operating conditions for research and motor methods [3] 
 Research method Motor method 
Inlet temperature 52 °C 149 °C 
Inlet pressure Atmospheric 
Humidity 0.0036 – 0.0072 kg/ kg dry air 
Coolant temperature 100 °C 
Engine speed 600 rev/ min 900 rev/ min 
Spark advance 13° BTC (constant) 
19 - 26° BTC (varies with 
compression ratio) 
Air/ fuel ratio Adjusted for maximum knock 
 
3.2. Engine knock 
Knock in a spark ignition engine is a very old phenomenon and has been the 
subject of serious investigation for some time. It was already mentioned by 
Ricardo in the fourth edition of his “The High-Speed Internal Combustion 
Engine” in 1953 [1]. However, it was only at the end of the 1980s that it became 
possible, through experimentation, to confirm that autoignition was the reason 
for engine knock [2, 19, 20].  
 
The concept “knock” as used in this thesis refers to “spark knock” as defined by 
Heywood [3]. All other types of abnormal combustion fall beyond of the scope of 
this thesis and are not discussed.  
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The following graphs show three different in-cylinder pressure curves and their 
typical characteristics. Figure 2a) shows an in-cylinder pressure curve without 
knock, 2b) with slight knock and 2c) with intense knock. The pressure fluctuation 
clearly appears close to peak pressure; the reason for this will be explained in 
chapter 3.2.2.  
 
 
Figure 2: In-cylinder pressure curves [3] 
 
3.2.1. The knock phenomenon 
In general there are two different theories regarding knock. The difference 
between these two theories is the origin of the knock phenomenon. One theory 
describes knock as occurring in the flame front (detonation theory) while the 
other describes it as occurring outside the flame front at a point in the end-gas 
mixture (autoignition theory) [2].  
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The detonation theory assumes that knock occurs only in the primary flame 
front. A secondary ignition in the end-gas mixture doesn’t happen. Instead, an 
accelerated primary flame front appears shortly before knock [2]. The 
autoignition theory assumes a secondary ignition in the unburnt end-gas mixture 
as the origin of knock. A secondary reaction front occurs due to autoignition. 
This secondary reaction front generates the measurable knock amplitudes [2] in 
combination with the primary flame front. 
 
Nowadays the autoignition theory is accepted as proven since in most cases the 
point of origin linked to autoignition was detected near the in-cylinder wall. This 
means that there can’t be interference from the flame because of the physical 
distance between these two points [2]. Autoignition doesn’t appear 
simultaneously in all regions of the end-gas mixture, but rather at one of several 
points from which the secondary reaction front is propagated at different 
velocities through the environment. “Hot spots” result in non-uniform 
temperatures in the combustion chamber, causing autoignition [2]. This work will 
adopt the terminology proposed by Swarts [5], referring to Konig and Sheppard 
[6], which states that “autoignition refers to a chemical reaction accelerating to 
spontaneous ignition of the mixture” whereas “knock is restricted to the physical 
manifestation of the abnormal oscillations in the cylinder pressure.” Moreover 
autoignition can generally appear in five different modes, revisited by Swarts [5], 
from the work from Bradley [7] and Zel’dovich [8]. These different modes are: 
• near-instantaneous thermal explosion 
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• supersonic autoignition deflagration 
• developing detonation 
• subsonic autoignition deflagration 
• conventional flame propagation 
The focus in this thesis will be on near-instantaneous thermal explosion, in 
particular for the prediction model in chapter 6.  
 
3.2.2. Autoignition 
Autoignition typically occurs in a spark ignition internal combustion engine at 
temperatures above approximately 950 K and at pressures in excess of 20 bars. 
These conditions are created through the piston compression and flame front 
compression [5].  
 
In this study, because of the complexity of the chemistry and kinetics which 
govern the autoignition of automotive fuels, only the most import characteristics 
with regards to autoignition will be described. Swarts [5] refers to Miller and Fisk 
[4] in his doctoral thesis and highlights two important characteristics as follows:  
• “Low temperature ignition is a two stage process. In the first stage, 
occurring at temperatures of 500 to 800 K, the so-called “cool flame” 
reactions raise the temperature by 100 to 200 K. The first stage produces 
organic peroxides.  
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The equilibrium reaction between the alkyl radicals and molecular oxygen 
may favour, at increasing temperatures, the reactants, thereby slowing 
down the overall reaction rate and giving rise to a phenomenon known as 
the negative temperature coefficient (NTC).” [4, 5]  
• In the second stage “Hot ignition occurs at temperatures in excess of 
900 K and is characterized by the production and eventual dissociation of 
hydrogen peroxide, H2O2.” [4, 5] 
 
Flame front propagation is characterized by the molecular transport processes 
of thermal conductance and diffusion. These processes cause an interaction 
between the burnt and unburnt end-gas mixture and are potentially the reason 
for the flame front propagation. The autoignition of hydrocarbon-air mixtures 
occurs in a radical chain explosion [2]. Contrary to a thermal explosion where 
the temperature increases directly after ignition occurs, during a radical chain 
explosion the temperature increases after an ignition delay time or induction 
time (see Figure 3) [2].  
 
 
Figure 3: Trend of thermal explosion and radical chain explosion [2] 
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3.2.3. Deflagration and detonation 
The two essential properties which control flame front propagation after the 
ignition of the hot-spot are the end-gas mixture temperature and the amplitude 
of the pressure wave. Depending on the amplitude of the pressure wave two 
completely different cases can be differentiated during flame front propagation 
[2].  
 
In case one the pressure gradient and temperature increase caused by 
autoignition is not high enough to effect spontaneous ignition in the unburnt end-
gas mixture. Consequently a regular flame front propagation (deflagration) 
occurs after the hot-spot ignition, which is controlled through chemical transport 
processes [2]. 
 
The second, completely different, case occurs when the start pressure is high 
enough and the conduction is quick, causing very high pressure gradients to 
appear on the border of the hot-spot. These pressure gradients can cause shock 
waves, which will induce a detonation. In this case the reaction wave moves at a 
higher velocity than the shock wave, superimposing itself on the shock wave 
and creating a detonation wave [2].  
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3.2.4. Knock detection and quantification 
The gas in the combustion chamber is part of an oscillating system in which 
standing waves can occur. The resonance of these waves is influenced by the 
dimensions of the combustion chamber. Once self-ignition has occurred the 
pressure wave disperses spherically from the point of origin through the system. 
After the first cycle the pressure wave is reflected from the opposite combustion 
chamber wall and a standing wave appears. This standing wave causes the high 
frequency superimposition typical of knock. Knock detection methods are based 
on the measurement of this high frequency, and use the cylinder pressure 
characteristics, the engine block vibrations or the ionization and the light 
emissions of the end-gas mixture during combustion [2, 22, 23]. 
 
Spicher [2] shows in his research report that in general the following guidelines 
apply to ideal knock detection: 
• measurement of physical dimension (cylinder pressure) 
• less calculation effort (real time capability) 
• not prone to interference 
• direct correlation between knock intensity and engine deterioration 
• independent of sensor type, adaptation and position 
• possibility of determining the start of knock 
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On the basis of these guidelines/ requirements a variety of different methods 
were developed to detect knock. The methods differ primarily in the analyzed 
physical variable. Therefore the choice of an appropriate method is driven 
mainly by the aims and the possibilities available to the developer. For example, 
optical methods are used in the research and development field, whereas 
methods based on impact sound and cylinder block vibrations are used as 
reference variables during the application of knock control systems. The 
advantage of cylinder pressure methods is that they measure any damage to the 
engine directly, making them very popular in the engine development process. 
The following list published by Spicher [2] shows different cylinder pressure-
based approaches to identify and quantify knock: 
• pressure curve, unfiltered 
⇒ maximum 
• pressure curve, band-pass filtered 
⇒ first amplitude  
⇒ maximum positive amplitude 
⇒ maximum positive/ negative amplitude 
⇒ integral over time/ degree crank angle 
⇒ energy density over time/ degree crank angle 
⇒ root mean square deviation over time/ degree crank angle 
• first derivation pressure curve 
⇒ maximum 
⇒ integral over time/ degree crank angle 
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3.3. 
• third derivation 
⇒ maximum negative amplitude 
• rate of heat release 
⇒ maximum of the second derivation  
⇒ pressure step with regards to the isochore combustion 
• frequency analyses 
⇒ energy density of a specific frequency area 
 
Due to availability and existing knowledge the “unfiltered pressure curve” 
method was chosen for the start-up knock investigation. The equipment used 
and the measurement results achieved will be presented in chapter 4 and 5. 
 
Engine management 
The internal efficiency of a petrol engine is significantly influenced by its knock 
behaviour. Nowadays the compression ratio is approximately 10 – 12:1 i.e. the 
optimal operating efficiency point is very close to the knock point [18, 19]. Figure 
4 shows the connection between engine torque and ignition point [10].  
 
Figure 4: Engine torque depending on ignition point [10] 
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The improvement of internal efficiency necessitates operating close to the knock 
limit, as well as a knock control system. The task of the system is to control the 
internal combustion engine in the critical knock operating sector close to the 
knock limit in a closed loop, unless the knock limit is before the optimal ignition 
point. Therefore engine management in non-turbocharged engines controls the 
ignition point, while in turbocharged engines it controls the ignition point and the 
charge air pressure. In general there are many methods, respective to engine 
management, to decrease knock. The following is a list of possible methods [10, 
18, 19, 20, 21]: 
• retard ignition point 
• increase the octane number (RON) of the petrol  
• richer air-fuel mixture 
• lower charge air pressure 
• lower intake air temperature 
• reduction of scaling at piston and valve 
• appropriate design of the combustion chamber 
 
The knock control system uses the noise phenomenon caused by combustion 
chamber pressure vibrations, while a knock sensor picks up the structure-borne 
noise from the crankcase. Inside the knock sensor a seismic mass exerts 
pressure on a piezoelectric ceramic and induces a charge. This charge is 
proportional to the extent of the structure-borne vibrations with respect to the 
mounting place [10, 22, 23]. 
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The noise has a typical frequency range between 5 and 15 kHz and is a 
resonance phenomenon. The resonance is the response of the engine structure 
to the high frequency component in the pressure curve [10, 18, 19].  
 
The electronic control unit (ECU) detects knock from the electrical knock signal. 
The raw signal is formatted in an integrated circuit (IC), with a microprocessor 
inside the integrated circuit processing the raw signal. The respective knock 
events occur when the knock signal exceeds a pre-determined knock limit. The 
analysis takes place in a knock timing window which is cylinder selective, as 
defined by the crankshaft angle of the engine. Furthermore the size of the 
ignition point correction is determined by the energy of the knock signal. In the 
case of an error i.e. if the knock control doesn’t work properly, for example 
because of a sensor fault, the ECU will retard the ignition point to ensure safety. 
Consequently the engine will run under all operating conditions, including those 
beyond the knock limits [10]. The position of the knock sensor should be chosen 
very carefully, because knock detection demands a pure signal to differentiate it 
from other signals (e.g. valve noise). Four cylinder engines normally have one 
knock sensor situated at the intake side of the cylinder crank case between 
cylinder two and three. Six cylinder in-line engines and V6 and V8 engines have 
two knock sensors [10, 18]. The next chapter will discuss the experimental 
methods in respect of the measurement equipment, the vehicles and the 
conditioning of the signals measured. 
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4. Experiment methods 
The start-up knock problem is a complex topic and needs to be investigated 
thoroughly. Therefore many different physical signals from the engine and the 
engine management have to be measured to determine the combustion process 
during hot start conditions. Only with this information from the engine is it 
possible to make relevant decisions in respect of a solution. The following 
signals are important, because these variables are the primary factors in the 
combustion process. Figure 5 shows the appearance of the signals: 
 
• in-cylinder pressures 
• ignition spark 
• knock signal 
• injector signals 
• reference signal from the distributor  
• 60 – 2/ tooth disc  
 
The in-cylinder pressure and knock signal are used to detect knock in the spark 
ignition engine, whereas the reference and the tooth disc signals show the 
correlation between degree crank angle and the pressure signals. The ignition 
spark gives an indication of when the normal combustion event is triggered. The 
focus of this chapter is to introduce the equipment and the vehicles/ engines 
with their specific characteristics.   
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Figure 5: 
4.1. 
Appearance of the measured signals 
 
Test engines and vehicles 
The start-up knock problem occurs in engines with a displacement of 1400 and 
1600 cc during hot soak conditions. Both engines have to be investigated. 
These engines are fitted to Golf A1 chassis and achieve the Euro Two exhaust 
emission standard. Consequently they have a knock control system, a catalytic 
converter with lambda control and a multi point injection (MPI) system. The ECU 
was developed in conjunction with PI-Shurlok. The implementation of the Euro 
Two standards had a substantial impact on this development. The following 
table summarises the different engine properties: 
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Table 2: Characteristics of the 1.4 and 1.6 l engine 
Description A1 Golf, 1600i A1 Golf, 1400LE
Cylinder/ Firing order of cylinder 4/ 1342 4/ 1342
Injection System MPI MPI
Knock Control Yes Yes
Self Diagnosis Yes Yes
Lambda Control Yes Yes
Catalytic Converter Yes, EU 2 Yes, EU 2
Displacement, [cc] 1595 1423
Output, [kW at rpm] 74/ 5400 55/ 5000
Torque, [Nm at rpm] 140/ 4400 117/ 3500
Bore, [mm] 81.0 76.5
Stroke, [mm] 77.4 77.4
Volumetric Compression Ratio, [/] 10.0 : 1 10.0 : 1
Idle Speed, [rpm] 920 920
Fuel Coast RON min. 95 Unleaded 95 Unleaded
Fuel Inland RON min. 93 Unleaded 93 Unleaded  
The images in Appendix B.1 show the test vehicles used during the experiment.  
 
Equipment 4.2. 
Data acquisition necessitated different measurement tools to gather the required 
information. In this chapter we look at the hardware and software used and 
briefly introduce the individual devices (see Appendix B.2 for more information).  
 
Software 
The Matlab/ Simulink software from The Math Works is used for signal 
processing, recording and simulation of the measured data. Matlab/ Simulink is 
a highly sophisticated program using different methods for the appropriate 
visualisation and analysis of data.  
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Furthermore it is very flexible with regards to the data acquisition hardware, 
since The Math Works designs and produces drivers for almost every data 
acquisition device in the market. Strictly speaking, Matlab and Simulink are two 
individual programmes. However, Simulink uses Matlab as a working platform 
therefore, if the user plans to use Simulink, he/ she needs Matlab. Simulink is 
utilised mainly for simulation and is a block-orientated programming language. 
Block-orientated means that the programme instructions are not written in text, 
but are written in blocks. All blocks have different meanings (e.g. addition, 
subtraction, multiplication…) and are inter-connected. The programme runs 
through the block structure sequentially, achieving the calculation result. On the 
other hand, Matlab uses a C based text orientated programming language.  
 
Data Acquisition
Data acquisition is performed with the National Instruments data acquisition box 
(NI USB-6259). This device can control and capture 48 digital output channels at 
a resolution of 32 bits and 32 signal ended/ 16 differential analogue input 
channels at a sampling rate of 1.25 million samples/ second (M S/s). The data 
acquisition box is connected to the computer via USB. The maximum output 
signal of the analogue input channels is ± 10 V.  
 
Charge Amplifier 
The Kistler 5073A411industrial charge amplifier transforms the charge which is 
emitted from the spark plug transducers to a voltage of between 0 - ±10 V.  
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The measuring range is ±100 - ±1,000,000 pC and the device has an operating 
temperature range of 0 – 60°C. The charge amplifier needs an 18-30 V DC 
(Direct Current) electricity supply. Unfortunately the device does not have 
automatic drift compensation; drift at 25 °C is <±0,05 pC/s. The main advantage 
of this charge amplifier is that it is very small and robust and is easily fitted into 
the engine compartment. The data transfer to the computer occurs via RS232.  
 
Spark Plug Transducer 
A spark plug transducer has two different functions. Its first function is as a spark 
plug (to ignite the fuel-air mixture) and the second is to measure the in-cylinder 
pressure. A piezoelectric crystal situated next to the spark plug electrode 
produces a charge proportional to the in-cylinder pressure. AVL spark plug 
transducers (ZF 42; F7LPRT) with a heat range of seven have been used. The 
heat range describes how cold or hot a spark plug will be during usage. A value 
of seven is high, indicating a temperature during operating conditions of 750 °C 
instead of 700 °C, which a value of six would indicate. The heat range and the 
design of the spark plug transducer should be the same as a standard spark 
plug, otherwise the spark plug transducer would influence the combustion 
process in the combustion chamber too much. This interference would skew the 
measured results significantly.   
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Digital Magnetic Speed Pick-Up  
The digital magnetic speed pick-up works on the inductive principle i.e. a voltage 
is induced in the solenoid when a ferromagnetic material passes the sensor. In 
this case a ferromagnetic tooth wheel with 60 teeth rotates and causes the 
induction. The magnetic speed pick-up needs a current of 5 V because of the 
integrated operational amplifier. The signal will also be used as a reference to 
indicate the top dead centre (TDC) of the engine and to count the revolutions 
per minute.  
 
Knock Amplifier  
The knock amplifier acts only as an impedance to eliminate the noise on the 
signal. It is set to avoid amplification of the signal. The raw signal is gained 
directly from the pin-out box and is transferred to the data acquisition box after 
the signal conditioning. The knock amplifier needs a 230 V power supply. The 
output signal is very weak, registering between 0 to a maximum of 1 V.  
 
Pin-Out Box 
The pin-out box provides direct access to the raw signals of the ECU i.e. access 
to the signals which will be transmitted from the sensors to the control unit. It 
has three plugs (see Appendix B.2). Plug A will be connected to the ECU plug 
from the vehicle. B is the plug for the actual ECU and C is the pin-out box. Every 
channel gives access to the ECU pins e.g. 
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4.3. 
• 17, 18, 34 and 35 => positive injector one, two, four and three signal 
• 1 => positive coil module signal 
• 11 and 30 => positive and negative knock sensor signal 
• 10 and 14 => positive and negative reference signal 
 
The wiring diagram in Appendix B.3 shows the electrical configuration of the 
ECU. Furthermore pin-out boxes from different ECU manufactures vary in 
design, i.e. a pin-out box for a PI – Shurlok system is different to that of a Bosch 
system. This could affect connections and the results measured.    
 
Experiment setup 
The diagram below shows the connections between the various measurement 
items. The source for the injector, spark and reference signal is the pin-out box 
from the ECU. In addition the injector and spark signal have to be conditioned in 
a device manufactured specifically for this project. Details with regards to the 
signal conditioning box will be discussed in section 4.4. The magnetic speed 
pick-up, together with the tooth disc, measures the revolutions per minute and 
transmits the signal directly to an analogue input channel of the data acquisition 
box. 
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Inverter 12 – 230 V Knock Amplifier
Signal Conditioning Box
Speed Pick - Up
Charge Amplifier
Converter 12 – 24 V
Spark Plug Transducer
Tooth disc
Pin – out Box Data Acquisition Box
NotebookSpark Signal
Injector Signal
Reference 
Signal
Power Supply
Power Supply
 
Figure 6: Measurement chain 
 
The charge amplifier needs to be supplied with an uncontaminated 24 V DC 
current, because even small noise levels on the current cause interference to 
the emitted pressure signal. Ideally, batteries should be used as a power source. 
However, batteries lose their charge and, in this case, cannot be recharged 
during operation. This means that a converter has to be used. The converter 
used in this experiment emitted an acceptable noise level of 10 mV. The data 
acquisition box is connected to the PC via USB.  
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4.4. 
Shielded cables are in use to improve the signal quality of the knock and 
pressure signals and to protect them against strong signals. The magnetic 
speed pick-up will be supplied with a 12 V DC current directly from the main 
battery. 
 
Signal conditioning 
The National Instruments data acquisition box can only handle analogue signals 
with a maximum voltage of ±10 V. However, the injector signal will spike at 
approximately 50 V due to self-induction inside the coil when the injector is 
switched off. Because of this, the spark and injector signal needs to be 
conditioned. Therefore a circuit which clips the spike without affecting the supply 
of current to the injectors is necessary at the moment when the event occurs. A 
similar problem occurs with the spark signal - the original spark signal is 
approximately 14 V and would therefore also damage the data acquisition box. 
Thus a circuit with the same requirements as the injector circuit is necessary to 
condition the signal. The graph in Figure 7 measured with the oscilloscope 
shows the spark, injector and reference (hall/ distributor) signals during one 
cycle (combustion, power, exhaust and intake stroke). Every grid rectangle is 
equivalent to 20 V and 10 ms for the injector and spark signal. The resolution for 
the reference signal is smaller (10 V/ 10 ms). 
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Figure 7: Peak voltage from the spark, injector and reference signals 
 
The voltage supply in a vehicle under normal operating conditions is 
approximately 13.5 V. The value of the voltage supply is very important for the 
injectors, because the response from the coil inside the injector is delayed when 
the voltage supply drops. This effect would interfere with the carburetion in the 
intake manifold and therefore the combustion. Figure 8 illustrates the voltage 
sensitivity of two different injector modules. 
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Figure 8: Voltage sensitivity of different injectors [11] 
 
In general the graph shows that, besides the fact that the two injectors react 
differently, an offset appears if the voltage supply drops. Therefore it is important 
that the circuits designed to measure the spark signal do not cause a voltage 
supply drop.  
 
4.4.1. Injector signal conditioning 
The voltage over the injector will be measured in parallel i.e. the voltage passing 
through the protective circuit is the same as that passing through the injector. 
The semiconductor used to get rid of the voltage peak is a transient voltage 
suppressor diode (TVS diode).  
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Because the data acquisition box is connected in parallel to the TVS diode, the 
diode protects the data acquisition box by cutting the voltage above a certain 
limit. The TVS diode used in this case (specification: 1.5KE6.8; IN6267) cuts the 
voltage above 6.8 V. Connecting the TVS diode parallel to the injector will cut 
the voltage of the whole system i.e. the voltage supply to the injectors is also 
only 6.8 V. This large voltage decrease causes a significant time offset and the 
engine cannot run properly anymore. Therefore a resistor before the TVS diode 
is necessary to separate the TVS diode from the injector operating circuit.  
 
Furthermore the size of the resistor affects the load on the system, because with 
a large resistor the current which flows through the protective circuit is small. In 
this case a 22 kΩ resistor is used to decrease the current flow and to separate 
the TVS diode from the system. In the configuration described the current flow 
measured in the circuit is 0,3 mA per injector and 1,2 mA for all four injectors. 
That means that there is almost no additional load on the system, as required, 
but it is still possible to measure the voltage. The following illustration shows the 
configuration described and its properties. 
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Figure 9: Measurement configuration with regard to the injector signal 
 
Inside the injector there is a coil which controls the injector and therefore the 
duration of fuel injection. The amount of fuel injected depends only on the 
duration of the injection cycle because fuel pressure is constant in the fuel rail. 
The coil is an inductive load. Furthermore the Figure 9 shows that the ECU 
controls the chassis earth and thereby the injector. The protective circuit is also 
connected to the chassis ground. Therefore, the same earth level for the whole 
system is warranted. As mentioned previously, the current flow measured 
through the protective circuit is 0.3 mA. This means that, according to Ohm’s 
law, the potential drop through the resistor is 6.6 V.  
VAIRU Totalss 6.60003.022000.Re.Re =⋅Ω=⋅=           (4.4.1-1) 
where: 
.Re sU  = Voltage drop resistor [V] 
.Re sR  = Resistor [Ω] 
TotalI  = Total current [mA] 
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The potential drop through the TVS diode can only be 6.9 V. Due to the fact that 
the circuit is connected in series the total voltage is 13.5 V.  
VVVUUU TransTotal 5.139.66.6..Re =+=+=            (4.4.1-2) 
where: 
TotalU  = Total voltage [V] 
.Re sU  = Voltage drop resistor [V] 
.TranU  = Voltage drop TVS diode [V] 
The circuit is connected to the injector in parallel, making the voltage in both 
circuits the same. Thus it is established that the supply voltage will not be 
affected by the circuit.  
 
4.4.2. Spark signal conditioning 
The spark signal (control signal for the coil) needs to be conditioned as well, 
since it could otherwise damage the data acquisition box. Therefore the same 
circuit as explained in detail in section 4.4.1 is in use to reduce the peak voltage 
of the spark signal. The only difference is the size of the resistor at 12 kΩ, 
because of the smaller input signal (12.2 V instead of 50 V peak voltage - see 
Appendix B.4). The measured current flow is, at 0.44 mA, very low and will not 
increase the load on the system too much. The calculation of the voltage in the 
series connection proves the measurement. The voltage drop through the 
resistor is 5.28 V. 
VAIRU Totalss 28.500044.012000.Re.Re =⋅Ω=⋅=           (4.4.2-1) 
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where: 
.Re sU  = Voltage drop resistor [V] 
.Re sR  = Resistor [Ω] 
TotalI  = Total current [mA] 
 
This result added to the voltage drop through the TVS diode is the voltage in the 
parallel circuit. 
VVVUUU TransTotal 18.129.628.5..Re =+=+=           (4.4.2-2) 
where: 
TotalU  = Total voltage [V] 
.Re sU  = Voltage drop resistor [V] 
.TranU  = Voltage drop TVS diode [V] 
 
The calculated voltage corresponds to the measured value. Therefore the 
conclusion is that the circuit functions without interfering with the system. The 
signal conditioning box shown in Appendix B.5 contains the circuits described 
and simplifies the connection to the pin-out box.  
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5.1. 
5. Experiment results and discussion 
The results discussed in this chapter were obtained from measurements taken 
during investigations in Uitenhage and Upington. The pre-investigations 
conducted in Uitenhage were used to calculate the engine’s (1.4 l LE) reaction 
to changes in calibration. The aim was to eliminate the start-up knock 
phenomenon. The tests in Upington were conducted to improve calibration 
quality and to verify final calibration levels with different fuel types under extreme 
temperature conditions. The investigations conducted orient themselves to the 
possible methods of eliminating knock discussed in section 3.3. The different 
calibration variables were changed according to this and the engine response 
was evaluated. During these investigations interesting information was gained 
with regards to the special configuration of the PI-Shurlok ECU during the initial 
revolutions.  
 
Spark timing 
Spark timing controls the ignition of the air-fuel mixture in the combustion 
chamber and thus the start of combustion. The engines tested use a distributor 
with a hall sensor. The distributor supplies the spark to the spark plugs, because 
only one ignition coil is used in this configuration. More sophisticated engines 
use fully electronic ignition systems. This kind of ignition system does not use a 
distributor as every spark plug has its own coil pack which produces the ignition 
spark. 
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The distributor is connected directly to the crankshaft, but with a speed reduction 
factor of 1:2. Therefore the distributor rotates at half the rotational speed of the 
crankshaft.  
 
Spark timing can affect the engine’s response with regards to engine knock. In 
general the maximum in-cylinder pressure in the combustion chamber should be 
achieved shortly after TDC when the piston is already moving to its bottom top 
dead centre (BTDC). Under normal operating conditions spark timing can be 
controlled by the ECU software1 and a manual turn of the distributor. In this case 
is a calibration change not possible because during start the spark angle is hard-
coded. The PI-Shurlok ECU needs some time to synchronise the signals and to 
ascertain which is cylinder one. Unfortunately the start-up knock problem occurs 
during this phase. Therefore the spark angle for all cylinders, with the exception 
of cylinder one which is hard-coded, is six degrees before TDC. Cylinder one 
sparks at TDC. A change of the spark angle is linked to the in-cylinder pressure 
curve i.e. a spark angle which is too advanced causes the maximum pressure 
before TDC when the piston wants to move up. This again could damage the 
engine and cause knock in the unburnt end-gas mixture because of high peak 
pressures/ temperatures. Thus an appropriate method of eliminating knock is by 
retarding the spark angle.  
 
1 Variable name: CAL_CRANKADV 
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Depending on the angle of retardation, the end-gas mixture could ignite just 
before or just after TDC. This means that the maximum peak pressure occurs 
after TDC when the piston moves down. The volume extension obviously 
decreases the peak pressure and the in-cylinder temperature, because flame 
propagation is getting closer to the exhaust valve opening period. Therefore a 
significant portion of combustion heat is dissipated through the exhaust and thus 
in-cylinder temperature is reduced. 
 
Figure 10 shows the response of the engine with a manually induced 12° 
retarded spark angle. The blue curve represents the in-cylinder pressure of 
cylinder one. The pressure curve rises until the piston arrives at TDC and drops 
slightly afterwards. The falling edge of the red curve (control signal from ignition 
coil) is an indicator of the spark signal which subsequently occurs. The figure 
shows that due to the spark the pressure curve promptly rises to a value of 
approximately 50 bars. Unfortunately the increase in pressure per time unit 
(dp/ dt) is so great that the unburnt air-fuel mixture auto ignites and knock 
occurs, indicated by the oscillations of the black knock signal and the pressure 
curve.  
 
In this case the engine knock is audible as well. The distance A equals one tooth 
of the 60-2 tooth disc and therefore °° = 2.658/360 . The sudden drop in the 
yellow curve does not align with the TDC and the spark signal, because during 
start the engine still rotates very slowly and the signals are not synchronous. 
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The signals only align when the engine rotates at idling speed. Despite the small 
offset between TDC/ spark and the tooth disc signal, the graph proves that the 
ignition spark appears roughly 6° after top dead centre (ATDC) and 12° after the 
original spark angle. The experiment thus shows that changing the spark angle 
can unfortunately not solve the start-up knock problem. Interference by the 
injector signal causes the fluctuation in the knock signal.  
 
 
Figure 10:
5.2. 
 Distributor physically retarded 12 degrees 
 
Lambda air-fuel ratio  
Lambda is the ratio between the air-fuel mixture actually input and the 
theoretically required stoichiometric amount.  
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−=λ                  (5.2-1) 
where: 
λ  = Lambda (air-fuel ratio) [/] 
mair-fuel  = Actual mass of the air-fuel mixture [g] 
mair-fuel,min. = Minimum mass of the air-fuel mixture [g] 
 
The aim is to achieve lambda one during combustion. Lambda one results in 
cleaner exhaust gas emissions and higher efficiency. Furthermore the air-fuel 
ratio can impact the knock behaviour of the engine significantly. There are many 
different ways to control the input air-fuel mixture. In this experiment an attempt 
to restrict the amount of air supplied, with the aim of achieving an air-fuel 
mixture which contains less energy inside the combustion chamber, was made. 
The ECU calculates the injected fuel mass from the intake manifold pressure, 
and always tries to achieve lambda one. Because it is usually completely open 
during the start phase, the throttle valve was forcibly closed during cranking to 
decrease intake manifold pressure. The software variables IACVRPM and 
IACVDASHPOT were used to control the idle air throttle valve position. 
Figure 11 shows the intake manifold air-pressure (MAP) with regards to different 
throttle valve calibrations. The intake manifold air-pressure is linked to the mass/ 
density and therefore to the air-fuel ratio. Before cranking the MAP equals the 
ambient air pressure and drops to its minimum value during cranking. The graph 
shows that different throttle valve positions do not have any influence on the rate 
of the decrease in pressure.  
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The calibration affects only the minimum pressure value in the intake manifold. 
The purple curve shows the pressure curve for the unchanged calibration. 
Fundamentally the effects of the calibration changes on the MAP are minor. The 
calibration changes result in MAP variances of approximately 100 mbars from 
the standard calibration. Theoretically low intake manifold pressure results in an 
air-fuel mixture with a lower energy content going into the cylinder and should 
therefore influence start-up knock. 
 
 
Figure 11: MAP versus different throttle body calibrations 
 
Measurement of the in-cylinder pressure has shown that the minor variations in 
MAP do not have any real impact on the start-up knock problem. Start-up knock 
occurs with the same intensity and signal size. Therefore the effect of the 
variation in the intake manifold pressure is marginal and cannot eliminate the 
start-up knock problem.  
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5.3. 
                                           
Injection angle 
The injection system works on the multi-point injection (MPI) principle i.e. in front 
of every intake valve there is an injection valve which injects fuel into the inlet 
manifold. Besides the MPI system, direct injection (DI) into the combustion 
chamber is commonly applied today, but is not used in the A1 EU2 engine. The 
ECU calculates the required basis fuel mass from the inlet air-pressure 
(indicator for the engine load) and engine speed. Other variables which affect 
the injected fuel mass such as engine water temperature (EWT), Lambda 
control, inlet-air temperature etc. are not described in detail in this thesis. The 
injection strategy is of importance because the injection system injects the first 
10 revolutions in parallel mode i.e. all four injectors inject at the same time -
independently of the firing order2 and the opening period of the valves. During 
the next two revolutions the injectors inject in bank mode i.e. cylinder one/ three 
and two/ four. After this the engine runs in sequence and the injection event is 
linked to the firing order of the engine. Consequently carburetion occurs in the 
inlet manifold and will be affected by the injection time. This investigation was 
inspired by the consideration that changing the injection point might change the 
carburetion and could therefore affect the start-up knock problem. The calibrated 
injection angle is 10° BTDC (variable label CAL_INJANGLE). 
 
2 The firing order for this four cylinder four stroke engine is 1 3 4 2 i.e. first cylinder one fires, 
then three, four and last cylinder two.  
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A small control valve stabilises the inlet manifold pressure and the injection 
angle remains the same for the complete engine operating range. This control 
valve keeps the inlet manifold pressure, and therefore the injector spray pattern, 
constant. Correspondingly the spray pattern is independent of, for example, 
engine load and speed. Figure 12 shows the reaction of the engine with an 
injection angle advanced by 30° (40° BTDC).  
 
Figure 12: Injection angle 30° advanced 
 
The exhaust valve opens (EVO, dark green curve) at -110° and closes (EVC) at 
+20° crank angle. The inlet valve opens (IVO, blue curve) at -10° and closes 
(INC) at +120° crank angle.  
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In this measurement cylinder three showed the highest peak pressure and will 
therefore be presented here. The whole investigation showed that there is no 
link between the highest peak pressure and the cylinder in which it occurs due to 
the random position of the crankshaft during start. The focus in this section is on 
the injector signal relative to the inlet valve. The injector injects due to the 
change of the injection angle at the beginning of the inlet valve stroke. 
Accordingly the fuel will be injected directly into the intake stroke of the engine 
i.e. there is no time for evaporation in the intake manifold. Due to the fact that 
the other inlet valves are closed, direct injection into the cylinders is not 
possible. Carburetion happens during the intake and compression stroke in the 
engine. The consequence in cylinder three is a peak pressure of nearly 60 bars 
and engine knock. The oscillation of the knock and the pressure signal confirms 
this statement. Thus no improvement can be attributed to advancing the 
injection angle. Logically, the next step is to check if an improvement can be 
achieved by retarding the injection angle. Accordingly, Figure 13 shows how the 
engine, in this particular case cylinder one, reacts to a 70° retarded injection 
angle. Due to the huge change of the injection angle the injection appears at the 
end of the inlet valve stroke when the valve is almost closed. Therefore only a 
small amount of fuel can be sucked into the combustion chamber. The rest will 
remain in the inlet manifold and will slowly evaporate until the next intake stroke 
i.e. in total more time is available for carburetion. The measurement shows that 
the peak pressure reaches approximately 55 bars and is therefore less than with 
an advanced injection angle.  
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Furthermore knock, indicated through the oscillation of the knock and pressure 
signal, occurs. Thus, variation of the injection angle does not result in any 
significant improvement to the start-up knock problem.  
 
 
Figure 13:
5.4. 
 Injection angle 70° retarded 
 
Injection quantity  
The injection quantity will be controlled through the opening time of the injection 
valves because the pressure in the fuel rail is constant. Therefore the amount of 
fuel injected is only dependent on the duration.  
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The software variable CAL_CRANKFUEL in the ECU controls the amount of fuel 
injected during cranking. CAL_CRANKFUEL needs to be calibrated for the 
different engine operating conditions. The variable is dependent on the engine 
water temperature (EWT, x-axis) and the air-pressure (y-axis). The value for the 
region above 84 °C EWT and 95 kPa is 24. This value is linked to a measured 
injector opening time of 6 ms. The static flow rate for the PI-Shurlok injectors is 
110 g/min (1.833 g/s at 300 kPa). Therefore every injector injects 11 mg of fuel 
per cylinder during cranking. Figure 14 shows the pressure curve with the series 
calibration (spark timing 6° BTDC, injection timing 10° BTDC, injection quantity 
11 mg). 
 
Figure 14: Injection quantity 11 mg 
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The graph shows that start-up knock appears in cylinder two during cranking. 
The concept of the following experiment comes from the combustion behaviour 
of direct injection engines. The increase of the CAL_CRANKFUEL from 24 to 27 
should cool the combustion chamber, therefore eliminating the engine knock. 
Fuel evaporation absorbs heat and normally decreases the tendency to knock. 
The amount of fuel injected per cylinder is 12.83 mg (7 ms). The following figure 
shows the in-cylinder pressure curves of cylinder one and three.   
 
 
Figure 15: Injection quantity 12.83 mg 
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The in-cylinder pressure of cylinder one exceeds the 60 bar level caused by a 
significant audible knock. Therefore it seems that increasing the amount of fuel 
injected causes differing effects in MPI engines as opposed to DI engines. 
 
The figure shows that the peak pressure and the engine knock are more severe 
than in previous experiments. Therefore it was decided not to further increase 
the amount injected because the risk of destroying the engine was too great. 
The reason for the “failure” of the experiment is the big difference between MPI 
and DI engines in terms of carburetion. Carburetion in MPI engines occurs in the 
intake manifold. Therefore fuel evaporation only absorbs heat from the intake 
manifold and not from the combustion chamber as in DI engines. In this case the 
increased fuel mass actually causes an air-fuel mixture which will ignite more 
spontaneously, as opposed to ignition at the standard calibration. Consequently, 
injecting a higher quantity of fuel cannot solve the start-up knock problem; it 
actually amplifies it.  
 
The next logical step was to investigate behaviour when decreasing the quantity 
injected during cranking. Investigation showed that the minimum injection value 
for a proper start under these conditions was 11 (2 ms = 3.67 mg). This resulted 
in peak pressures of between 20 and 30 bars in all four cylinders, without severe 
engine knock. The rate of change in the in-cylinder pressure is lower, thereby 
decreasing the impact sound (see section 3.2.4), the main cause of audible 
knock. 
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Thus, the only method of eliminating the start-up knock problem discovered 
during these investigations was the reduction of the amount of fuel injected 
during cranking. All the other theories derived from chapter 3.3 did not provide 
suitable solutions, as shown in the previous sections. Figure 16 below shows the 
effects of reduced crank fueling.  
 
Figure 16:
5.5. 
 Injection quantity 3.67 mg 
 
Comparison with the Bosch injection system 
The start-up knock problem appears particularly in Golf A1s equipped with the 
new Pi-Shurlok engine management system (EMS). A Golf A1 equipped with an 
old Bosch EMS, without a catalytic converter and an evaporative-emission 
control system, was available for comparison.  
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The Bosch EMS is linked to an MPI injection system and is therefore 
comparable with the PI-Shurlok EMS, because the engine design is identical. 
The aim was to investigate whether the start-up knock problem is system 
dependent. Other investigations have already shown that it is not vehicle 
dependent i.e. the problem appears in different vehicles with the PI-Shurlok 
system. The major difference between the Pi-Shurlok and Bosch systems is in 
the injectors.  
 
The static flow rate for a Bosch injector is 136.6 g/min (2.28g/s at 3 bar) and for 
a PI-Shurlok injector 110 g/min (1.833 g/s at 3 bar). Furthermore, the ECU 
calibration is different, while the PI-Shurlok injector opens 6 ms and the Bosch 
injector opens 4 ms. The mass injected by a PI-Shurlok injector is 11 mg per 
cycle, while that of a Bosch injector is 9 mg. Appendix C.1 shows a comparison 
of the in-cylinder pressure curves of cylinder two during start of the systems. 
Spark timing in both systems is 6° BTDC. The graph shows that, in contrast to 
the Bosch system, the peak pressure of the PI-Shurlok system exceeds the 
60 bar level, with significant knock. The peak pressure of the Bosch system 
exceeds the 40 bar level, without knock. As previously mentioned the amount of 
fuel injected in the Bosch system is smaller. Consequently it was decided to 
increase the amount of fuel injected in the Bosch system to ascertain the 
engine’s response and whether or not the engine knocked during start. The 
result (Appendix C.2) shows a very slight knock with the same amount of fuel in 
a Bosch vehicle.  
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This proves that the start-up knock problem is fuel-related and not engine-
design specific. The knock which occurred was not audible, nor as intensive as 
in a PI-Shurlok system; therefore there isn’t a 100 % correlation. The knock in 
this case was not audible because the increase in-cylinder pressure is not as 
steep as in a PI-Shurlok vehicle. The pressure increase then causes less 
structure-born noise and no audible knock. An appropriate explanation as to why 
the pressure increase is less steep cannot be given in this thesis. This is a topic 
in its own right.  
 
A secondary characteristic of start-up knock is the sound caused by autoignition. 
Besides the mechanical damage caused, this sound is one of the principal 
elements to be eliminated, as it can negatively influence the quality impression 
of the vehicle. To this end the circumstances under which (same amount of fuel, 
variation of the spark timing) the engine would produce a similar sound and 
knock were investigated. The experiments showed that the engine knocks quite 
heavily and sounds similar when the spark timing is changed to 18° BTDC. The 
following figure shows the in-cylinder pressure curve of cylinder two, the spark 
signal, the injector signal and the inlet valve kinematics. 
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Figure 17: Knock in a Bosch vehicle (spark angle 18° BTDC) 
 
The in-cylinder pressure of cylinder two exceeds the 60 bar level. Therefore the 
in-cylinder pressure is comparable with the start-up knock in engines using the 
PI-Shurlok system. Only one knock indicator (the oscillation of the pressure 
signal on the top), which shows that autoignition occurs, is available in this case. 
Furthermore the pressure curve rises steeply enough to create a strong 
structure-borne sound, creating the audible knock. The chapter 5.6.3 will show 
typical values for dp/ dt with regard to the audibility of knock.  
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5.6. 
Spark timing of 18° BTDC is extremely unrealistic and shows only that it is 
possible, in principle, to create autoignition with the same properties in a Bosch 
vehicle. The engine management system changes which have to be made are 
so extreme that the engine would never function within this field of the map in its 
lifetime. Thus the question of what causes such disparity in response between a 
Bosch and a PI-Shurlok system, remains. This question cannot be dealt with in 
this thesis as it requires advanced computer simulations. The principle 
differences (exhaust system, injection system and evaporative-emission control 
system) were investigated and it was verified that they are not the reasons for 
start-up knock. 
 
Verification 
Previous sections described which methods for elimination and analysis of start-
up knock were investigated. During these investigations it was discovered that 
only the reduction of the amount of fuel injected during cranking could eliminate 
the start-up knock problem. Fuel reduction is only possible during the injection 
period and therefore requires a change in calibration of the appropriate map 
(CAL_Crankfuel). VW’s EP 10 100.11 specification (see section 5.6.1.1) states 
that calibration changes have to be checked thoroughly before being released 
for production. In this case a summer test to prove that the calibration changes 
wouldn’t interfere with the operating behaviour of the engine, or cause problems 
in other areas, was necessary. 
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In particular, engine knock problems are more readily activated under extreme 
temperature conditions. Verification of the calibration changes was performed in 
Upington, South Africa (Kalahari Desert). Upington is well-known for its 
consistently hot and dry climatic conditions and is therefore ideal for testing at 
extreme temperatures (approximately 320 days sunshine). Additionally, 
Upington is situated 900 m above see level, making it possible to perform tests 
at altitude. All of this makes Upington an ideal test site, as shown by the fact that 
most international vehicle manufacturers test their vehicles there. In addition, the 
engine management system was tested to determine if it could handle different 
kinds of fuel with the adjusted calibrations. Fuels with a RON of 95, 93 and 90 
were checked on the 1.4 l LE and the 1.6 l engines. Furthermore, the RON 90 
fuel was a special blend with a fuel vapour index (FVI) of 100. This means that 
the fuel is highly volatile and large quantities of fuel vaporise quickly. Logically, 
the worst case is using a highly volatile fuel, normally used only in winter, at 
extremely high temperatures to determine whether hot handling problems and 
vapour lock will appear. The focus during the summer test was on the hot start 
of the different engine models and their driveability directly thereafter. 
 
5.6.1. Hot start test results 1.4 l LE engine  
This subsection presents the results of the summer testing in Upington 
(characteristics: temperatures > 35°C, altitude 900 m) and the results of the 
tests in Uitenhage (characteristics: temperatures ≈ 25°C, sea level).  
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The summer testing in Upington was used for the verification and especially the 
fine adjustment of the crank fuel map for different kinds of fuel. Figure 18 below 
shows the final crank fuel map for a 55 kW 1.4 l LE engine. The engine water 
temperature (EWT), the air-pressure and the crank fuel value are plotted on the 
x, y and z axes of the three dimensional map. The different colours indicate the 
z value i.e. blue is a low value and red a high value. Appendix C.3 shows the 
whole map as a table. Most calibration changes were made in the area above 
EWT 80°C, because high temperatures increase the likelihood of knock 
significantly. Air pressure in Upington fluctuated at 90 kPa and in Uitenhage at 
100 kPa. The crank fuel value in the 95-100°C (EWT) and 70-95 kPA (air-
pressure) field was decreased to its lowest value of 9. This equates to an 
injected amount of 4 mg of fuel to avoid start-up knock. The injection amount 
was increased for the EWT above 119°C to 16 which equates to 7 mg to make 
sure that the engine starts properly with RON 90 FVI 100 fuel. The map shows 
that significantly more fuel is necessary for a cold start (EWT -25°C for example) 
than for a hot start. During a cold start most of the injected fuel is deposited on 
the intake-manifold wall and won’t immediately evaporate. 
 
Experiment results and discussion 
 
 - 57 -
 
Figure 18: Crank fuel map for the 1.4 l LE engine 
 
In addition, the map shows that more fuel is injected if the air-pressure increases 
because of the higher air density at sea level. 
 
5.6.1.1. Test procedure  
Volkswagen AG has specifications which prescribe the performance of certain 
standardised tests before software can be released for mass production. All 
software has to pass these tests.  
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These specifications are called “Entwicklungspruefkatalog (EP)” and in this case 
EP 10 100.11 was used to verify the calibration level during summer testing. The 
specification prescribes the following test procedure: 
• pump conditioned fuel into the tank (≈ 5°C), max. 1/3 of a tank 
• heat up the engine to max. oil temperature 
• park the vehicle in a heat soak tent which shelters it from wind  
• measure engine start and driveability after start 
• heat soak time 10, 20, 30 and 40 minutes respectively 
• this test must be repeated with all different fuels and engines 
 
The reason for this standard test procedure is to ascertain whether the engine 
operates normally under extreme temperatures (ambient temperature > 40°C) or 
if malfunctions appear. Figure 19 below shows the temperature behaviour of the 
intake manifold air temperature (MAT), EWT, oil and fuel temperature for the 
1.4 l engine fitted to a Golf A1. The EWT reaches its maximum value of 110°C 
after approximately 10 minutes, decreasing slowly thereafter. The increase of 
the EWT is caused through the engine oil in the sump, which stores a lot of heat. 
The engine oil heats up the cooling water/ engine bay after the engine shuts 
down and decreases quickly from its maximum value of 118°C.  
 
MAT plays a significant role in the start-up knock problem. Therefore the 
achievement of high MAT (88°C) values is necessary to ascertain whether the 
calibration changes function under all conditions.  
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The graph in Figure 19 shows that the highest MAT values for the 1.4 l LE 
engine will be achieved after a hot soak time of approximately 20 minutes.  
 
Figure 19: Hot soak 1h (1.4 l LE, A1 EU2) 
 
The 1.6 l engine achieves higher temperatures due to its higher power output. 
The maximum EWT is 122°C and MAT is 95°C after 20 minutes. Figure 20 
below shows the response of the engine in a Golf A1 during a one hour hot 
soak.  
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Figure 20: Hot soak 1h (1.6 l, A1 EU2) 
 
Both hot soaks show that MAT reaches its highest value after 20 minutes. 
Therefore, the worst case scenario is a hot start after a 20 minute soak. The 
following chapters deal only with the results of the 20 minute hot soak.   
 
5.6.1.2. Sea level (RON 95) 
The sea level investigations were performed in Uitenhage with RON 95 fuel. The 
ambient temperatures (> 25°C) are not as high as during the summer/ altitude 
testing in Upington because of the location (close to the sea), resulting in lower 
MAT temperatures. However, there is still severe audible start-up knock at 
standard calibration. 
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The experiments showed that audible start-up knock appears when the MAT 
exceeds approximately 60°C and the EWT is higher than 95°C. The maximum 
MAT achieved during the sea level experiments was 75°C. Decreasing the 
amount of fuel injected solved the start-up knock problem as already described 
in section 5.4 (injection quantity 3.67 mg for specific areas of the map). The 
following figure shows that the pressure of cylinder three reaches almost 45 bars 
without audible knock.  
 
Figure 21: See level hot start (RON 95, 1.4 l) 
 
Sea level tests were conducted using RON 95 fuel only. If the engine 
management systems can operate with poor fuel at extreme temperatures/ 
altitude, the engine must be able to operate under less severe circumstances. 
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5.6.1.3. Altitude 900 m (RON 93, fully instrumented) 
Two different types of test were performed in Upington to determine whether the 
engine operates to its specifications. As described in section 5.6.1.1 the highest 
MAT appears after a 20 minute hot soak. Consequently, during these 
investigations only the 20 minute hot soak was repeated, using a fully-equipped 
vehicle (recording of in-cylinder pressure, spark, injector, knock signal etc.) to 
show if the calibration changes functioned in general (elimination of start-up 
knock). Only the results of this test will be presented in this section. In addition, 
the EP dictates that engine calibration must pass a 10, 20, 30 and 40 minute hot 
soak test. These results, which are the official evidence that the start-up knock 
problem has been solved and that the calibration level does not cause any other 
problems, will be presented in the next section.  
 
Different grades of fuel (RON) are used in South Africa, depending on the 
region. At the coast, for example, the standard fuel has a RON of 95 and at 
altitude, 93. The RON is lower at altitude because of the lower air density/ 
pressure and therefore the lower affinity to engine knock. Figure 22 below 
shows one cycle of the 1.4 l LE engine during a hot start with RON 93 fuel and 
adapted crank fuel. The first combustion of cylinder three appears without 
audible engine knock and reaches a maximum pressure of approximately 
44 bars. The second combustion in this cycle (cylinder four) is less intense and 
reaches a maximum pressure of 34 bars. 
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Afterwards the engine idled constantly at approximately 900 1/min and an in-
cylinder pressure of 18 bars. This test was repeated 10 times to achieve a 
statistically acceptable result. The test results of all hot starts were positive; 
therefore it was decided to complete the final tests.  
 
Figure 22: Altitude hot start (RON 93, 1.6 l) 
 
5.6.1.4. Altitude 900 m (RON 93) 
The focus in this section is on the hot start behaviour of the 1.4 l LE engine after 
different soak times. After-start performance and drive-off are also of interest.  
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The following figure shows the hot start performance after different soak times. 
All curves show that the engine revs up to a certain value, depending on the 
length of the hot soak, after a hot start. The soak time influences engine 
calibration insofar as the temperature in the engine compartment changes over 
the time and therefore the working point in the map. After 10 and 20 minutes the 
temperature in the engine bay is very high and then decreases slowly.  
 
Figure 23: Hot start behaviour of the 1.4 l LE engine  
 
That is why the response of the engine after a 40 minute hot soak is completely 
different to its response after a 20 minute hot soak. The response after a 10 and 
a 20 minute hot soak is almost similar.  
 
Experiment results and discussion 
 
 - 65 -
Both curves show that the engine revs up to a maximum of 2000 revolutions per 
minute (RPM) and drops afterwards. Subsequently the after-start function brings 
the engine idle. The blue curve shows that the after-start function keeps the 
engine speed at 1800 1/min for approximately half a second before the engine 
slows down. The green curve indicates a more gradual change to after-start 
operation and the engine speed drops more quickly.  
 
The final tests of the new calibration level were completed successfully without 
start-up knock or unusual start behaviour under extreme conditions. 
Furthermore no problems appeared with regard to hot fuel handling (fuel 
evaporation in the supply line) during drive-off. Therefore the tested calibration 
level can be released for series production.  
 
5.6.1.5. Altitude 900 m (RON 90 FVI 100) 
Fuel with a RON of 90 and a FVI of 100 was also tested. This grade of fuel is a 
special blend not normally available at petrol stations in South Africa. The fuel 
has a very low RON of 90 i.e. the fuel has a higher affinity to engine knock than 
a fuel with RON of 95. The index FVI 100 means that a large quantity of the fuel 
mass vaporises very quick at a certain temperature. Usually this fuel will be 
used only during the winter months to ease engine start. It is not used in hot 
summer conditions.  
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The reason for using this grade of fuel during summer testing is to ascertain if 
vapour lock or hot fuel handling problems appear in the injection system after a 
hot soak. This test i.e. this kind of fuel, combined with high temperatures, will 
practically never appear under normal circumstances and is therefore a worst 
case scenario. Nevertheless this configuration of options needs to be tested to 
make sure that the engine management system can handle even this serious 
challenge. Figure 24 shows, in this particular case, the engine speed and the 
Lambda value of the engine after a 20 minute hot soak. 
 
Figure 24: Altitude hot start (RON 90 FVI 100, 1.4 l) 
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The engine revs up to 1800 1/min without any noticeable problems and then 
slows down to its idle speed. During start very little fuel is burnt and a large 
quantity of unused oxygen is pumped through the system, causing the high 
lambda peak. After this peak a large quantity of fuel is added and the air-fuel 
mixture becomes very rich. The two curves are not directly linked but are offset, 
and the rich lambda value is related to the high engine speed. After this phase 
the engine speed drops and lambda increases to 0.9. The RPM curve is smooth 
and constant, without major spikes which a customer would notice.  
 
In addition, no start-up knock appeared most of the time. It was not possible to 
eliminate start-up knock completely with this grade of fuel, because decreasing 
the crank fuel again caused poor start response. The reason for this is that 
vapour lock in the injection system reduces the amount of fuel injected into the 
intake manifold too much. Therefore the application is a compromise which 
guarantees that the engine will start every time but start-up knock does appear 
occasionally. As mentioned before this grade of fuel is not sold at petrol stations 
in South Africa, but this knowledge is important for VW to ensure that the engine 
application works even in a worst-case scenario. This final test showed that the 
application works very well and that the software level can be released for 
production for the 1.4 l LE engine.  
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5.6.2. Hot start test results 1.6 l engine  
The 1.6 l engine has a higher power output (74 kW) than the 1.4 l LE engine 
(55 kW) and logically a completely different engine application. This means that 
the engine must also pass all tests before the software level can be released for 
production. Thus the topics to be discussed in this section are similar to those in 
section 5.6.1, and some items will not be explained in detail again. Figure 25 
below shows the three dimensional crank fuel map for the 1.6 l engine. The x, y 
and z axes represent the EWT, air-pressure and crank fuel. In this context red is 
linked to a high crank fuel value and blue to a low value. The lowest crank fuel 
value of 12 (5.1 mg) occurs in an area between EWT 100 – 104°C and 90 – 
92 kPa as shown in a table in Appendix C.4.  
 
Figure 25: Crank fuel map for the 1.6 l engine 
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Most calibration changes were made in the area from 95 to 119°C EWT and the 
whole air pressure range. The investigation showed that start-up knock doesn’t 
occur in this engine under EWT 95°C. Crank fuel values for high EWT (> 119°C) 
were only decreased to application values of 14 and 16 (6/ 6.9 mg) because of 
the start-ability with RON 90 FVI 100 fuel.  
 
5.6.2.1. See level (RON 95) 
The results measured for the 1.6 l engine after a 20 minute hot soak show that 
reduction of the amount of fuel injected during cranking eliminates start-up 
knock. This demonstrates that this method also works to solve the problem for 
this engine model. Figure 26 below shows the pressure curves for each cylinder, 
the knock, spark and injector signals. Only one injector signal is illustrated, 
because all four injectors inject at the same time during cranking, as explained 
in chapter 3.3. The peak pressure of cylinder two is 47 bars and therefore a bit 
higher than in the 1.4 l engine (44 bars). The knock signal shows no significant 
oscillation which would be a sign of engine knock. The pressure curves show 
smooth combustion which is the reason why no audible knock occurs. 
Furthermore the graph shows that there is interference between signals i.e. the 
spark signal causes the knock signal to appear as a square wave.  
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Figure 26: See level hot start (RON 95, 1.6 l) 
 
5.6.2.2. Altitude 900 m (RON 93, fully instrumented) 
As the following Figure 27 shows, the 1.6 l engine handles the hot start after a 
20 minute hot soak with RON 93 fuel very well. The steady pressure 
characteristic of the first strokes is evidence of good combustion and the reason 
why no audible knock appears. The knock signal confirms this statement. The 
peak pressure of cylinder three is approximately 34 bars. This value is very low 
in comparison to the 1.4 l engine but a large number of measurements showed 
that the in-cylinder peak pressure varies from combustion to combustion during 
the engine start. 
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A reason for the variations in the peak pressure could be irregularities in 
carburetion; a CFD calculation could show more detail.   
 
Figure 27: Altitude hot start (RON 93, 1.6 l) 
 
5.6.2.3. Altitude 900 m (RON 93) 
The official altitude test for the 1.6 l engine includes the 10, 20, 30 and 40 
minute hot soak tests. The engine must pass all the hot soaks without any 
indication of start-up knock or hot fuel handling problems before the calibration 
level can be released for series production. Figure 28 below compares engine 
start after the four hot soak periods.  
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This section focuses in particular on engine behaviour with regards to engine 
speed, after-start and drive-off characteristics. The graph shows that the engine 
revs up to a certain value which depends on the hot soak time, as previously 
explained in section 5.6.1.4. The lower engine bay temperature caused by the 
longer hot soak time is also the reason why the duration of the control of engine 
speed by the after-start function is shorter. The engine speed decreases faster 
during engine idle. In general, the 1.6 l engine with the new application level and 
RON 93 fuel starts without any complications - as illustrated below.   
 
Figure 28: Hot start behaviour of the 1.6 l engine 
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No hot fuel handling problems occurred during drive-off; therefore the 
experiment was successful and this application level for the 1.6 l engine can be 
released for series production.  
 
5.6.2.4. Altitude 900 m (RON 90 FVI 100) 
The 1.6 l engine was also tested with RON 90 FVI 100 fuel to see if the engine 
management system could handle this grade of fuel under extreme 
temperatures. Figure 29 below shows the engine speed and lambda during a 
hot start after a 20 minute hot soak.  
 
Figure 29: Altitude hot start (RON 90 FVI 100, 1.6 l) 
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The engine revs up to 1800 1/min and drops to engine idle (950 1/min) without 
any noticeable problems. In addition lambda becomes rich when the engine revs 
up because the engine management system adds fuel after the lean spike until 
the engine reaches maximum speed. Afterwards the engine management 
system adds a smaller quantity of fuel to stabilise the engine speed, as the 
lambda value shows. The lambda value remains at 0.7 until the engine is in 
engine idle and the ECU increases lambda to 0.9.   
 
The 1.6 l engine shows almost the same behaviour as the 1.4 l engine because 
start-up knock cannot be completely eliminated with this grade of fuel. A 
compromise was necessary to make sure that the engine always starts. The 
engine did not start when the amount of fuel injected was too low, due to vapour 
lock in the injection rail. Accordingly the quantity of fuel for the very high EWT 
(>119°C) regions of the map was increased.  
 
5.6.3. Start time comparison between new and old calibration 
Changes in calibration mainly affect engine start. Thus it is necessary to 
investigate whether the changes cause any behaviour alteration which the 
customer might become aware of. The reduction of the amount of fuel injected 
during cranking reduces the energy which is brought into the engine. This 
reduction of fuel enable the elimination of start-up knock, but the impression is 
created that the engine needs more revolutions before it actually starts.  
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Therefore a comparison between the start time of the old and the new 
calibration levels in both engines (1.4 l LE and 1.6 l) was made. This 
investigation, which will be presented in the next two sections, will show whether 
the engine actually does crank for longer or if it was only a subjective 
impression. Furthermore, the average peak pressure and dp/ dt for the 1.4 l LE/ 
1.6 l engine, with and without audible knock, will be looked at in these two 
sections (old and new calibration level). The test procedure contained ten starts 
after a 20 minute hot soak in a hot soak tent protected against environmental 
effects. The test was performed in Upington during summer testing. The number 
of starts (ten) was chosen to ensure a representative/ statistically acceptable 
number of starts. 
 
The start time was measured between the battery voltage and the threshold 
“desired idle”. Appendix C.5 shows an example of the points between which the 
start time was measured. The starting point is when the battery voltage drops, 
as this is the point at which the starter initiates engine cranking; the closing point 
is when the engine speed reaches its threshold i.e. the crossing point between 
the RPM and desired idle signals.  
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5.6.3.1. 1.4 l LE engine 
The start time investigation for the 1.4 l LE engine showed that the average start 
time at the old calibration level was 683 ms; at the new calibration level the 
average start time is 869 ms. The figures (Appendix C.6) show that the 
perception that the engine cranks for longer (∆ 186 ms) is subjective. This 
increase in the start time is extremely small and occurs only under extreme 
temperatures. Therefore this calibration change is justifiable. The following 
Figure 30 shows the peak pressure and dp/ dt at the old and the new calibration 
levels respectively for each cylinder. 
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Figure 30: Comparison calibration levels (1.4 l engine) 
 
Experiment results and discussion 
 
 - 77 -
The average peak pressure and dp/ dt for the old calibration level was 
calculated from the highest pressure values for each measurement. Thus it is 
guaranteed that only the highest peak pressures caused through engine knock 
contribute to the average values. The average values for the new calibration 
level were calculated from all measurements because no engine knock 
appeared with RON 93 fuel. Figure 30 shows that dp/ dt at the old calibration 
level is between 26000 and 32000 bars/s for the different cylinders. After the 
calibration change the dp/ dt range is 2000 to 5000 bars/s. This is the evidence 
and the reason why no audible knock appears after the reduction of crank 
fuelling. The rate of change is small and therefore causes no audible structure-
born noise. Furthermore the peak pressure was decreased from approximately 
50 bars to an average value of 22 bars. The advantage is that, besides the fact 
that the audible knock is eliminated, the load on the engine decreases because 
no rapidly increasing pressure peaks, which could damage the engine, appear in 
the combustion chamber. The investigation also shows reference values for an 
engine with and without engine knock. These values are important for the 
simulation model in chapter 6. 
 
5.6.3.2. 1.6 l engine 
The start time for the 1.6 l engine increases as well due to the calibration 
change between the old and new calibration levels. The average start time at 
the old calibration level was 628 ms; at the new level the start time is 766 ms; 
thus the start time increases by about 138 ms.  
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The following Figure 31 compares the calibration levels with regards to the peak 
pressure and dp/ dt for the separate cylinders. The table in Appendix C.7 shows 
in detail all measured values.  
Comparison between old and new calibration level
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Figure 31: Comparison calibration levels (1.6 l engine) 
 
The old engine calibration level caused peak pressures between 38 and 46 bar. 
The reduction of crank fuelling decreased the range (23 to 30 bars) of peak 
pressures. The maximum dp/ dt was between 16000 and 22000 bars/s and 
therefore substantially smaller than in the 1.4 l engine at the old calibration level.  
 
Experiment results and discussion 
 
 - 79 -
5.7. 
The reason why dp/ dt in the 1.4 l engine is higher than in the 1.6 l engine must 
be linked to the displacement volume since the engines are similar in all other 
properties. The new calibration level causes dp/ dt values of between 4000 and 
8500 bars/s and is significantly lower than with the old calibration level. This 
experiment shows again that the audible knock sound is connected to the 
pressure raise in the cylinder because with the lower dp/ dt values no audible 
knock appears with either RON 93 or 95 fuels.    
 
 Conclusion 
The chapter investigated different methods of eliminating start-up knock and 
showed that only the reduction of crank fuelling eliminates start-up knock 
effectively. Different tests were performed in Upington during summer testing to 
verify the calibration changes and to ensure that the changes did not influence 
other functions. The tests were performed in Upington because of the extreme 
temperatures and the altitude of 900 m. Tests were performed on the 1.4 l LE 
(55 kW) and the 1.6 l (74 kW) engines; the 1.4 l (62 kW) was not tested because 
the engine is very similar to the 1.4 l LE engine. The calibration level for the 1.4 l 
engine will be taken from the 1.4 l LE engine. Both engines passed the tests 
successfully with both RON 95 and 93 fuels, at VW test standards. Very low 
octane fuel (RON 90 FVI 100 - below SA specifications), resulted in a few start-
up knock problems but, since this fuel is not sold in South Africa, this is of little 
relevance.   
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Furthermore the experiment shows that the start time increases marginally for 
both engines when crank fuelling is reduced. This increase in crank time is 
noticeable in both cars, but acceptable because the calibration changes are only 
valid for the high EWT (> 110°C) values. The results indicate that the there is a 
connection between dp/ dt and audible knock. Reducing dp/ dt causes a 
decrease in impact sound and therefore eliminates audible knock. 
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6. Autoignition prediction model 
The aim of this chapter is the development of a basic quasi-dimensional3  
empirical thermodynamic single-zone model to predict knock probability during 
start in an internal combustion engine. Franzke’s dissertation [12] and the 
Spicher/ Worret final research report [13] were the principal guides during 
development of the model. Spicher and Worret use Franzke’s basic 
investigations to develop their own empirical prediction model, verifying their 
results with test bench measurements to gain higher prediction accuracy. In his 
dissertation Franzke used an integral ignition delay to describe the processes in 
the end-gas mixture. On the basis of the investigations of Franzke and Spicher/ 
Worret, the integral ignition delay is also used to calculate knock probability in 
this thesis. The momentary ignition delays, relative to temperature and pressure 
(Arrhenius equation, see section 6.1) during compression and combustion, will 
be integrated for every degree crank angle. The integral, linked to proportional 
factors such as temperature or pressure, is an indicator of the concentration of 
reaction determinant intermediate products in the end-gas mixture. Franzke 
named this integral the pre-reaction condition IK [12]. This thesis will use the 
same terminology. The pre-reaction situation when autoignition starts is critical.  
 
3 The expression “quasi-dimensional one zone model” means, that the temperature and 
pressure of the end-gas mixture in the combustion chamber will be assumed as constant during 
the calculation. Furthermore the air-fuel mixture is ideal.  
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6.1. 
                                           
During compression and combustion the concentration of the reaction 
determinant semi-finished products increases until they reach a critical value. 
This value determines when autoignition will occur in the end-gas mixture (high 
temperature kinetic).  
 
Model design 
The technical literature shows three main groups of autoignition models which 
represent the real coherences in different complexity levels. The following list 
shows the three groups. The empirical models will be discussed in more detail 
than the other two4:   
• Detailed low temperature reaction kinetic models 
• Reduced low temperature reaction kinetic models 
• Empirical models based on an average reaction velocity 
 
Unlike the other models, empirical models do not refer to chemical reactions. 
The velocity and kinetic reactions of the single reaction paths are summarized in 
an average velocity reaction. This average velocity reaction causes a global 
ignition delay time. The ignition delay time can be interpreted as the duration it 
will take until a critical concentration of chain carriers appears. The following 
empirical equation describes the global ignition delay time [13]: 
 
4 For more details about the detailed/ reduced low temperature reaction kinetic models and 
further literature recommendations see [13]. 
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T
C
C epC
3
2
1 ⋅⋅= −τ                  (6.1-1) 
where: 
τ  = Ignition delay time [sec.] 
p  = In-cylinder pressure of the end-gas mixture [bar] 
T  = In-cylinder temperature of the end-gas mixture [K] 
3,2,1C  = Empirical fuel depended factors which must be determined with 
  measurements at a reference point. [/] 
 
In this case the equation is used for an internal combustion engine where the 
end-gas mixture is exposed to a temperature and pressure history. Therefore it 
must be assumed that a constant critical concentration of chain carriers (xc) 
appears at the starting point of autoignition [13]:  
 
( )
( ) ⎟⎠
⎞⎜⎝
⎛⋅=⎥⎦
⎤⎢⎣
⎡
τφ
t
x
x
dt
d
c
                 (6.1-2) 
where: 
φ  = Time characteristic of the concentration change [/] 
cx  = Critical concentration of chain carrier [/] 
 
From equation 6.1-2 it follows that, with time te (from end-gas mixture until knock 
appears),  
 
( )
( ) ( ) 1/0 == ∫
=
=
ett
tc
dtt
x
x τφ                  (6.1-3) 
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Furthermore it is assumed that during one period (constant physical properties) 
the reaction velocity does not change (reaction 0 order) hence ( ) ττφ /1/ =t  [13]: 
 
( )
( ) 1
1
0
== ∫
=
=
ett
tc
dt
x
x
τ                  (6.1-4) 
 
The combination of equation 6.1-1 and 6.1-4 leads to the formulation of the 
integral ignition delay. The ignition delay (period between start of compression 
and autoignition) is the integral of the momentary ignition delays relative to the 
constant temperature, pressure and end-gas mixture for every single period [13]:  
 
1
3
2
1 =⋅⋅⋅∫
=
=
−ett
ot
T
C
C dtepC                 (6.1-5) 
 
Many investigations based on the calculation of a critical concentration to gain 
the integral ignition delay have been conducted over the past few years. The 
Spicher/ Worret report [13] refers to Franzke [12] which summarises the different 
methods of assessment. In his dissertation Franzke discusses the correlation 
between the critical concentration of chain carriers and global flame 
propagation. Based on an investigation of parameters, he established an 
additional K-factor which is calculated from the combustion duration (CD), start 
of autoignition (AST), combustion begin (CB) and end (CE) [13].  
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6.2. 
Franzke’s investigations show that, close to the knock limit, the K-factor remains 
constant i.e. the knock initiating pre-reaction situation will be achieved when a 
certain phase (defined by the quotient of K) of the combustion duration has 
elapsed. This criterion created, for the first time, an opportunity to simulate the 
knock limit based on an empirical approach [13].  
 
Combustion analysis 
Combustion analysis yields important information about engine operation and is 
necessary for further investigations (e.g. knock prediction). In detail, the heat 
release per degree crank angle and the percentage of the mass fraction burnt 
will be calculated. Four different points are significant for the assessment of 
combustion behaviour. Combustion starts at 1% and normally ends at 95% 
mass fraction burnt. However, Spicher and Worret [13] ascertain that 
combustion ending at 75% mass fraction burnt has accuracy suitable for knock 
prediction. In this thesis combustion duration is defined as being 1 to 75% mass 
fraction burnt. The 50% point (centre of combustion) is used as in indicator to 
asses combustion and allow a comparison of the different measurements. The 
centre of combustion should lie at 8° crank angle (CA) after TDC in an engine 
operating at constant speed and load [10]. In terms of the first thermodynamic 
law, the combustion chamber is an open system. In this system different events 
occur per degree crank angle. 
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Figure 32 below shows the input and output quantities of the combustion 
chamber: 
m, p, T, V
I
I h
dφ
dm ⋅
U
B H
dφ
dm ⋅ E
E h
dφ
dm ⋅
System 
boundary
dφ
dW
dφ
dQW
Ip
Ep
 
Figure 32: First thermodynamic law (open system, combustion chamber) 
 
Heat release in the combustion chamber is calculated from the energy balance. 
The energy balance for an open system, with reference to Figure 32, is as 
follows:  
 
( )
E
E
I
IWB h
d
dmh
d
dm
d
dQ
d
dVp
d
dQ
d
umd ⋅+⋅++⋅+=⋅ ϕϕϕϕϕϕ             (6.2-1) 
where: 
( )
ϕd
umd ⋅  = Change in internal energy [kJ kg/ °CA] 
ϕd
dQB   = Input fuel energy per degree crank angle [kJ/ °CA] 
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ϕd
dVp ⋅  = Work per crank angle [Pa dm³/ °CA] 
ϕd
dQW   = Heat transfer to the cylinder wall [kJ/ °CA] 
EI
EI h
d
dm
,
, ⋅ϕ  = Inlet and exhaust mass flow [kg kJ] 
 
The following assumptions by Manz [14] with reference to Hohenberg, are 
adopted in this thesis to calculate heat release/ mass fraction burnt. The heat 
transfer to the cylinder wall is zero during the heat release calculation 
( 0=ϕd
dQW ). Mass flow is zero ( 0,
, =⋅ EIEI hd
dm
ϕ ) due to the fact that only the high 
pressure phase is investigated. The air-fuel ratio in the combustion chamber is 
homogenous ( 0=ϕ
λ
d
d ) and the ideal gas law is valid (R = constant). Taking into 
consideration these assumptions and the ideal gas law the equation is reduced 
to5: 
 
⎟⎟⎠
⎞⎜⎜⎝
⎛ ⋅+⋅⋅⋅−= ϕϕκκϕ d
dpV
d
dVp
d
dQH
1
1                (6.2-2) 
where: 
ϕd
dQH   = Heat release [kJ/ °CA] 
κ   = Isentropic exponent (for MPI IC engines κ = 1.33) [/] 
                                            
5 The derivation of the energy equilibrium equation for the open system (combustion chamber) is 
published in Manz [14] lecture script.   
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A sub-model is used to calculate displacement volume. This sub-model 
calculates displacement volume at the corresponding crank shaft position for 
every period and transmits this information to the heat release calculation. 
 
Matlab/ Simulink simulation software was used to build a model which enables a 
solution of the heat release equation. Matlab/ Simulink has calculation periods 
(time steps); therefore the raw data must be linked to one phase. A calculation 
duration of 360 was chosen, because one revolution equals 360 °CA. Therefore 
one calculation phase equals one degree crank angle. A reason for this 
calculation duration is the fact that one revolution (360 °CA) is easy to identify in 
the raw data on the basis of the reference/ spark signal and is therefore simple 
to post-process. Matlab/ Simulink uses a Dormand-Prince 5th order solver with a 
fixed period of 0.5 (selected for greater accuracy) for the calculation of the 
simulation model.  
 
p   = Measured in-cylinder pressure per degree crank angle [Pa] 
ϕd
dV
V
  = Calculated displacement volume per degree crank angle 
   [dm³/ °CA] 
  =  Calculated displacement volume per degree crank angle 
   [dm3] 
ϕd
dp   = Measured in-cylinder pressure per degree crank angle 
   [Pa/  °CA] 
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Figure 33 shows the block diagram developed to calculate heat release and mass fraction burnt. 
Figure 33: Block diagram of the heat release/ mass fraction burnt model 
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Displacement volume for a 1.4 l LE engine without wrist pin offset was 
calculated using the following equation. The derivation of this equation is 
published in [10]: 
 
( )⎥⎦
⎤⎢⎣
⎡ −⋅⋅+−⋅⋅+= ϕλϕϕ 2cos14
1cos1 rPC rAVV              (6.2-3) 
where: 
ϕV  = Cylinder Volume per °CA [dm
3] 
CV  = Squish Volume [dm
3] 
PA  = Piston area [mm
2] 
r  = Crank radius [mm] 
r
l
r =λ = Ratio of connecting rod length to crank radius [/] 
ϕ  = Crank shaft angle [°] 
 
Mass fraction burnt is the integral of the heat release calculation. This result is 
scaled to 100% and shows the progress of combustion accordingly. At the 
ignition point (6°BTDC) 0 % of the mass fraction is burnt and it is assumed that 
at the calculation end (360°CA) 100 % of the mass fraction is burnt. These 
conditions are the calculation limits for the integral. Merker [15] indicates the 
following equation to calculate the combustion progress: 
 
∫= CE
CB
B
d
dQMB
ϕ
                  (6.2-4) 
where: 
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MB = Mass fraction burnt [/] 
ϕd
dQB  = Heat release [kJ/ °CA] 
 
The next sections of the thesis present the heat release calculations for cylinder 
three of a 1.4 l LE, 55 kW, engine. The focus is on cylinder three because 
investigations showed that this cylinder has a higher incidence of autoignition 
than the others. The reason for this is the position of the cylinder (in the middle 
of the in-line engine, higher temperatures).  
 
6.2.1. Non-knocking engine cycle 
Figure 34 shows the simulation results for a non-knocking engine cycle relative 
to heat release/ mass fraction burnt (y-axis). The x-axis (0-360 °CA) displays the 
compression and combustion stroke. Figure 34 (page 93) shows, in relation to 
the simulation, the in-cylinder pressure of a cycle with combustion and one 
without combustion. Furthermore another quantifying parameter was introduced 
to assess combustion, the unscaled integral of the 50 % mass fraction burnt. 
The equation for the heat release calculation explained in section 6.2 shows that 
the in-cylinder pressure is the main variable affecting the calculation. Figure 34 
shows only the heat release caused through combustion i.e. heat release 
caused by compression is not included in this graph. Therefore only the 
difference in pressure between the combustion and the compression curves was 
used as an input signal for the model.  
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This difference in pressure is caused solely by the combustion of the air-fuel 
mixture. As a result it indicates the behaviour of flame propagation in the 
combustion chamber. TDC is always at the turning point of the compression 
curve and in this case at 197°CA. The combustion curve is similar to the 
compression curve until the point when the fuel-air mixture will be ignited as 
then the in-cylinder pressure increases over the normal compression value. The 
combustion curve reaches a peak pressure of approximately 25 bars. This value 
corresponds with the simulated heat release of maximum 870 J/ °CA; high heat 
release results in high peak pressure. Combustion duration is 102.2 °CA long 
i.e. flame propagation is very slow. This statement is confirmed by the slow rise 
in the curve on the graph.  
 
However, that is not surprising because the simulated operating point is during 
the start and engine speed is still accelerating. The speed of the engine is also 
the reason for the late combustion centre (76.4° after TDC) instead of 8° after 
TDC according to the technical literature. 
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Figure 34: Combustion analysis of a non knocking engine cycle 
 
One percent of the mass fraction burnt is at 207 °CA and the formal end (75 % 
mass fraction burnt) of combustion is at 309.2 °CA. Furthermore the auxiliary 
variable (integral 50 % mass fraction burnt) shows a value of 41360 which can 
be interpreted as an area below the heat release curve. The in-cylinder pressure 
was measured during a cold start with reduced crank fuelling (Crankfuel = 10). 
Therefore this measurement represents the typical behaviour of a non-knocking 
engine cycle.  
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6.2.2. Knocking engine cycle 
The following combustion analysis (Figure 35) shows major differences to that of 
a non-knocking engine cycle6. The raw data for the knocking cycle is from a hot 
start with increased crank fuelling (Crankfuel = 27). The investigation showed 
that increasing crank fuelling eases severe autoignition during hot start. This 
result is a good example of a typical measurement during autoignition. 
Combustion peak pressure is approximately 62.5 bars and therefore more than 
twice as high as that of the non-knocking cycle described in section 6.2.1.  
 
 
Figure 35:
                                           
 Combustion analysis of a knocking engine cycle 
 
6 The parameters for the simulation are the same as in section 6.2.1 and won’t be repeated in 
this section.  
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When autoignition occurs a large portion of the air-fuel mixture ignites suddenly 
and releases a lot of heat. This causes the very steep rise in the heat release/ 
in-cylinder pressure curve and is therefore a good indicator of autoignition. The 
dp/ dφ values calculated in section 5.6.3.1 and 5.6.3.2 reflect on this statement. 
For Figure 35 the maximum heat release is 1400 J/ °CA and decreases slowly 
afterwards.  
 
Combustion duration (1 to 75 % mass fraction burnt) at 75.6 °CA is very short 
when compared to the non-knocking engine cycle (102.2 °CA). This shows that 
the air-fuel mixture used in the combustion chamber will be burnt in a shorter 
period. Consequently the auxiliary variable shows a value of 48650 i.e. the area 
below the heat release curve (until the 50 % mass fraction burnt point) is greater 
than in the non-knocking measurement (41360). Due to the shorter combustion 
duration the combustion centre is at 47.6 °CA after TDC. Ideally, for good 
engine performance (less fuel consumption and high torque), the combustion 
centre should be at 8°CA after TDC (see section 6.2.1). The following section 
looks at the development of a knock prediction model on the basis of Spicher 
and Worret’s [13] research report.  
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6.3. Knock criterion  
Prediction of autoignition in an internal combustion engine is generally very 
difficult because an engine is a very complex dynamic system. Spicher and 
Worret [13] developed Franzke’s [12] empirical equation further and predicted 
knock for an engine operating at constant speed and load with satisfactory 
results. These final equations, with minor changes, will be used in this thesis to 
predict autoignition during the hot start of a 1.4 l LE (55 kW) engine. The 
following sections discuss in detail the individual calculations.  
 
6.3.1. Integral ignition delay IK 
The calculation of the autoignition point is based on the integral ignition delay 
time explained in section 6.1. The critical pre-reaction value (starting point of 
autoignition) occurs when the result of equation 6.3.1-1 equals one. The 
associated angle is αK relative to degree crank angle. The following equation 
(see [13]) was used to calculate the IK variable: 
 
ϕ
ϕ
ϕ
dep
n
I
SK
SHP
T
K ∫
−
− ⋅⋅⎟⎠
⎞⎜⎝
⎛
⋅⋅⋅=
4179
299.1
31037.2
1
6
1            (6.3.1-1) 
where: 
n  = Engine speed [1/min] 
p  = Measured in-cylinder combustion pressure per °CA [Pa] 
T  = In-cylinder temperature (end-gas mixture) [K] 
φSHP and SK = Start high pressure phase and start of knock [°CA] 
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The engine speed for the calculation was assumed as constant at 750 1/min 
because it is very difficult to determine the speed at the point of investigation 
during the engine start (acceleration). The factors (1.299 and -4179) were taken 
from Spicher and Worret’s [13] investigations. Furthermore combustion pressure 
measured was used as an input signal for the calculation. The input temperature 
should be the combustion temperature in the combustion chamber and the 
temperature was calculated using the ideal gas law. Measurement of the 
combustion temperature requires highly developed measurement tools which 
weren’t available during these investigations. The accuracy of calculation of the 
simulation model is one °CA linked to 0 to 360 steps (i.e. 0 to 360 °CA). The 
model solves the simulated equation with a fixed step Bogacki-Shampine solver 
third order and a fixed step size of one. Figure 36 below shows the result for the 
integral ignition delay calculation for the heat release curve presented in chapter 
6.2.1: 
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Figure 36: Integral ignition delay (non knocking engine cycle) 
 
The factor IK shows at which point the critical pre-reaction value for the start of 
knock would theoretically be reached. Franzke’s investigations showed that 
autoignition would not necessarily always occur at this point. In this case, for 
example, Figure 36 shows a definite non-knocking measurement. Therefore he 
introduced the K-factor which leads to another angle αE. This angle must be 
compared to αK and only then a prediction of knock probability is possible. The 
relationship between the different angles will be explained in section 6.3.2 and 
6.3.3. Appendix D.1 shows in detail the block design of the integral ignition delay 
simulation model. 
 
Autoignition prediction model 
 
 - 99 -
Sub model: Temperature calculation 
The temperature for the integral ignition delay model will be calculated using the 
ideal gas law. The ideal gas law is normally only valid for very low pressures. In 
this case (calculation of the temperature of the end-gas mixture) the pressure in 
the combustion chamber can increase during autoignition up to 60 bars. 
However, the assumption is acceptable in this case and will result in appropriate 
results. The following equation shows the ideal gas law and the derivation of the 
necessary variables: 
 
itotal
i Rm
Vp
TTRmVp ⋅
⋅==>⋅⋅=⋅ ϕ             (6.3.1-2) 
where: 
T = Temperature of the end-gas mixture [K] 
p = Measured in-cylinder combustion pressure per °CA [Pa] 
Vφ = Cylinder Volume per °CA [mm3] 
mtotal = Total mass in the combustion chamber [g] 
Ri = Specific gas constant [J/ kg K] 
 
The total mass in the combustion chamber consists of the air mass and the fuel 
mass ( ). It will be assumed that all the fuel injected into the 
intake manifold evaporates and will all be sucked into the combustion chamber. 
Furthermore it will be assumed that there is no residual gas in the cylinder and 
the amount of air equals the cylinder volume (V
fuelairtotal mmm +=
Cyl. = 0.39528 dm3).  
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The air density (ρ = 1.1120 g/ dm3) is measured at 40 °C since a hot start with 
high ambient temperatures is being simulated. The specific gas constant must 
be calculated from the universal gas constant, divided by the total molar mass 
(
TotalM
RmRi = ). Consequently the total molar mass consists of the air/ fuel molar 
masses and the proportion of material. The following equation was used to 
calculate the total molar mass: 
 
Air
Air
Fuel
Fuel
Total MMM
μμ +=1              (6.3.1-3) 
where: 
Fuelμ  = Proportion of fuel [/] 
Airμ  = Proportion of air [/] 
FuelM  = Molar mass of fuel (101.21 g/ mol [16]) 
AirM  = Molar mass of air (28.9626 g/ mol [17]) 
 
Equation 6.3.1-3, taking into consideration the fuel and air masses, simplifies to 
equation 6.3.1-4, which was used to calculate the total molar mass: 
 
Air
FuelAir
Air
Fuel
FuelAir
Fuel
total M
mm
m
M
mm
m
M
⎟⎟⎠
⎞
⎜⎜⎝
⎛
++
⎟⎟⎠
⎞
⎜⎜⎝
⎛
+=1            (6.3.1-4) 
where: 
mAir = Air mass [g] 
mFuel = Fuel mass [g] 
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Consequently the specific gas constant can be calculated because the universal 
gas constant is a natural constant with a value of 8314.47 J/ kmol K. The 
cylinder volume will be calculated with equation 6.2-3 for every individual 
simulation step. Combustion pressure is an input signal for the ideal gas 
equation. Therefore all variables are established and the temperature of the 
end-gas mixture can be calculated. Figure 37 shows the result for the knocking 
and non-knocking cycle presented in sections 6.2.1 and 6.2.2, based on the in-
cylinder pressure measured (same TDC). The temperature for the knocking 
engine cycle reaches a peak of 2000 K for a very short period. Technical 
literature (see [10]) indicates that this is not unrealistic. The temperature 
calculated for the non-knocking cycle (reduced crank fuelling) is 1200 K and 
therefore substantially lower than in a knocking engine. The results correspond 
to the heat release curves (e.g. combustion duration) calculated in section 6.2.  
 
In addition, Figure 37 below shows the typical pattern for a knocking (steep 
increase) and non-knocking (gradual increase) engine cycle (oscillation not 
visible due to scale).  
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Figure 37: Temperature calculation with the ideal gas law 
 
Furthermore, the calculation shows the temperature increasing due to 
compression until 6 °CA before TDC (ignition point): At ignition point the ignition 
spark ignites the air-fuel mixture and the energy from the fuel is released. The 
next sub-section will briefly discuss the calculation of the volume.  
 
Sub model: Volume calculation 
The cylinder volume with regards to degree crank angle was calculated with 
equation 6.2-3 introduced in section 6.2.  
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However, the top dead centre must be adapted relative to the raw data in the 
model for the different calculations. Otherwise the cylinder volume calculated 
and the in-cylinder pressure measured don’t match and the result of the 
simulation will be incorrect. 
 
6.3.2. Characteristic crankshaft angle αE 
As mentioned in section 6.3.1 the assessment of knock probability demands a 
second criterion. The integral ignition delay factor IK shows when the air-fuel 
mixture will achieve its critical pre-reaction level and leads to the angle αK. On 
the basis of global flame propagation, Franzke [12] developed a second 
assessment factor K which leads to the angle αE. Both these angles, in relation 
to each other, give evidence of knock probability. Calculation of the K factor 
requires a measurement of autoignition which will be used as a reference. The 
important values needed to calculate the reference factor will be obtained from a 
reference measurement in which there was audible knock and substantial 
pressure oscillation (combustion analysis). In this case the factor Kref. remains 
constant for all the investigated measurements. Appendix D.3 shows the 
combustion analysis for the chosen reference measurement. The factor Kref. can 
be calculated with the following equation: 
 
CBCE
CB
K refKref −
−= ..
α
              (6.3.2-1) 
where: 
Kref. = Reference factor with regard to the flame propagation [/] 
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αK ref. = Start of autoignition detected from a reference measurement [°CA] 
CB/E = Combustion begin/ end from the reference measurement [°CA] 
 
The variable Kref. is a factor which is necessary to calculate the angle αE in the 
different combustion profiles. The angle αK ref. is the point at which autoignition 
starts in the reference measurement and must be manually read from the 
analysis. The start of combustion (CB) occurs when 1 % of the mass fraction is 
burnt; combustion ends (CE) at 75 % mass fraction burnt. The following 
equation will be used to calculate the angle αE: 
 
( ) CBCBCEKrefE ++⋅= .α              (6.3.2-2) 
where: 
αE = Characteristic crankshaft angle [°CA] 
CB/E = Combustion start/ end from the investigated measurement [°CA] 
 
The calculation results from equation 6.3.1-1 and 6.3.2-2 deliver the 
necessitated angles αE and αK. The following section will discuss the relationship 
between these angles and how they are connected to knock probability.   
 
6.3.3. Probability KW 
The results of the equation 6.3.1-1 and 6.3.2-2 provide crank angle positions 
with regard to the critical pre-reaction situation and the characteristic crank shaft 
angle. These two angles relative to each other provide evidence of knock 
probability.  
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Spicher and Worret [13] investigated approximately 400 measurements and 
discovered that IK and Kref. are subject to a range of dispersion. They decreased 
the range of dispersion for IK to 15 % and Kref. to 5 % during their investigations. 
Consequently the range of dispersion means that every angle has a lower and 
an upper limit (see Appendix D.4). Due to the position of αE and αK it is therefore 
possible to formulate a logical inter-dependency to describe knock probability. 
The different input signals cause different results and in this case different angle 
positions. Figure 38 illustrates the relationship:  
No knock (0 % probability)
Ik – Range of dispersionK – Range of dispersion
Knock (100 % probability)
KHB – Knock occurrence area
αE
αK
KHBmax – Knock occurrence 
area maximal
αE
αK
αK
αE
(X % probability)
 
Figure 38: Knock probability versus the angle αE and αK [13] 
 
The two principal limits for the inter-dependency are 0 and 100 % probability. In 
this case 0 % probability is when the angle αK min. is in front of αE max. as the 
areas do not overlap then and therefore, with reference to Spicher and Worret, 
autoignition [13] is impossible.  
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The opposite is the case when αK max. is behind αE min. as probability is 100 % 
and autoignition will definitely happen. The probability is 50 % when the angles 
αE and αK are the same. Based on this logical structure Spicher and Worret [13] 
developed the following logarithmic equation, verified with measurements: 
 
KHB
KHBKW ⎟⎟⎠
⎞
⎜⎜⎝
⎛ ⎟⎠
⎞⎜⎝
⎛⋅+⋅=
2
ln288.0211.0100 max           (6.3.3-1) 
where: 
KW  = Knock probability [%] 
KHBmax = Knock occurrence area maximal [/] 
KHB  = Knock occurrence area [/] 
 
This equation enabled Spicher and Worret to calculate probability for their case 
(variation of: fuel, RPM, residual gas, filling, air ratio). Unfortunately, during 
investigation this thesis showed that equation 6.3.3-1 does not predict the 
probability of knock during hot start in a 1.4 l LE engine. Therefore a new 
equation to calculate probability was developed. The two cornerstones for the 
calculation are still the 0 and 100 % points. The probability is 100 % when 
0
max
<=
KHB
KHB  because KHB will become zero and therefore the result is zero. 
KHBmax. ( KEKHB )αα Δ+Δ=max  remains constant and can be calculated from the 
intervals of αE ( ).min.max EEE ααα −=Δ  and αK ( ).min.max KKK ααα −=Δ . Probability 
is 0 % when 1
max
>=
KHB
KHB  because KHB becomes greater than KHBmax. which 
can have only the value of the accumulated intervals.  
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The outcome of this is the equation 6.3.3-2. This equation will be used to 
calculate probability between 0 and 100 % with the assumption of a linear 
dependency. Furthermore this equation is only applicable to the area discussed 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ << 10
.maxKHB
KHB : 
 
.
max.
100 100prop
KHBX
KHB
= − ⋅ +             (6.3.3-2) 
where: 
Xprop. = Knock probability [%] 
 
The following section discusses the validation of the equation developed, on the 
bases of the data measured.  
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6.3.4. Verification 
The analysis of different measurements (cold start, hot start with different 
calibration levels) showed that the calculated angles were always out of the 
ranges indicated by Spicher and Worret’s [13] equations. For the situation (hot 
start of a 1.4 l LE 55 KW engine) investigated in this thesis it was not possible to 
calculate a realistic probability within the ranges explained in Figure 38 with their 
equation. The two main reasons for this are: the range of dispersion is very 
small, due to the 15 % fluctuation of IK and the 5 % fluctuation of K. Even if the 
bandwidths overlap, the area of fluctuation in which both areas act is tiny i.e. 
sensitivity is very high and minor changes of angle cause major changes in 
result. In this case a change of 0.1 °CA caused probability changes in 
increments of 10, which is not realistic. Therefore it was decided to adapt 
Spicher and Worret’s algorithm [13]. The range of dispersion for both variables 
was increased and calculated differently. Spicher and Worret’s [13] algorithm 
calculated the lower and higher value of αK from IK (see Appendix D.4). The new 
approach uses one percent of the base value of αK, which will still be obtained 
from IK equals one, as the lower and higher limit. The same is valid for the 
calculation of the limits from αE. The limits are 0.9 % of the base value which will 
be calculated with equation 6.3.2-2. This fulfils the condition that the range of 
dispersion from αE must be smaller than range of dispersion from αK. The 
second main reason is the position of αE relative to αK. For a non-knocking cycle 
the angle of αE must be smaller than the angle of αK (see section 6.3.3).  
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A factor (see below) was added to αE with the purpose of controlling the position 
of αE and therefore the probability calculation. The following equation was used 
to calculate the modified angle αE: 
 
( )( )mod. .E refK CE CB CB yα = ⋅ + + ⋅ Offset           (6.3.4-1) 
where: 
αE mod. = Modified characteristic crankshaft angle [°CA] 
Kref. = Reference factor with regard to the flame propagation [/] 
CB/E = Combustion start/ end from the investigated measurement [°CA] 
yOffset = Offset factor with regard to the peak heat release [/] 
 
The offset factor is linked to the peak heat release measurements at different 
calibration levels and circumstances during start. Four points were investigated 
in detail to achieve appropriate factors. These points are: 
• Cold Start 
• Hot starts with old calibration level 
• Hot starts with new calibration level  
• Hot starts with severe autoignition during start 
 
The cold start analysed shows a peak heat release of about 870 J/°CA without 
autoignition. Due to the fact that the entire engine is cold, the engine is less 
likely to knock during start because the air-fuel mixture cannot exceed the self 
ignition temperature.  
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Derived from this fact the probability for autoignition must be 0 % i.e. the offset 
factor must move the position of αE until αEmax. and αKmin. are almost equal. The 
analyses of hot starts with the new calibration level show an average peak heat 
release of 915 J/ °CA. This value is greater than the peak heat release from the 
cold start analysed. The investigations showed that the calibration changes 
eliminated autoignition during start but the engine is still very hot; therefore there 
is a small probability of self ignition of the air-fuel mixture in the combustion 
chamber. The probability for this type of start was set to 20 % because 
autoignition is still possible but less likely. Therefore the position of αE was 
modified by the offset factor until equation 6.3.3-2 delivered the expected 
probability. The analyses of the measurements with the old calibration level 
showed an average peak heat release of 1070 J/ °CA. The fact is that 
autoignition appeared during almost every hot start; no knock was rare. The 
expected knock probability was therefore set to 80 % and the factor modified 
accordingly. Only measurements with severe autoignition were used for the 
analyses of the 100 % knock probability point. The average peak heat release 
for these points is 1409 J/ °CA. Correspondingly the offset factor was modified 
to achieve a probability of 100 % with equation 6.3.3-2. That means in this case 
the position of αE must be moved until αEmin. and αKmax. are almost equal. The 
following Table 3 summarizes the analysis of the measurements which were 
used for the development of the theory.  
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Cold start
20071130 CAL Injection 5 
Crankfuel 10 233,2 278,0 275,2 272,4 5,5 251,2 256,2 253,9 251,6 4,6 1,01064 26,3 10,1 102,2 870 2,6 0
Hot start with new 
calibration level
20080227 StartComp. 3 231,7 256,2 253,7 251,2 5,1 245,6 253,1 250,8 248,6 4,5 1,02133 7,7 9,6 81,9 955 0,8 20
20080227 StartComp. 6 229,6 258,2 255,6 253,0 5,1 247,2 254,7 252,5 250,2 4,5 1,02133 8,0 9,7 84,1 945 0,8 17
20080227 StartComp. 8 235,1 259,7 257,1 254,5 5,1 248,9 256,5 254,2 252,0 4,6 1,02133 7,7 9,7 80,9 875 0,8 21
20080227 StartComp. 14 239,4 259,0 256,4 253,8 5,1 248,3 255,9 253,6 251,3 4,6 1,02133 7,7 9,7 78,3 885 0,8 21
Hot start with old 
calibration level
20080227 1350SOP 
StartComp. 20 234,0 247,5 245,0 242,6 4,9 241,5 250,0 247,8 245,6 4,5 1,02624 1,9 9,4 76,8 1090 0,2 80
20080227 1350SOP 
StartComp. 22 233,7 247,1 244,7 242,3 4,9 241,2 249,8 247,5 245,3 4,5 1,02624 1,8 9,3 74,0 1080 0,2 80
20080227 1350SOP 
StartComp. 27 234,7 248,2 245,7 243,2 4,9 241,1 249,7 247,5 245,2 4,5 1,02624 2,9 9,4 70,7 1040 0,3 69
Hot start with old 
calibration level (always 
autoignition)
20071130 CAL Injection 11 
Crankfuel 27 228,1 252,6 250,1 247,6 5,0 248,0 264,9 262,5 260,1 4,7 1,05826 -7,5 9,7 75,6 1420 -0,8 100
20080201 Start 11 232,1 256,6 254,1 251,6 5,1 246,5 263,2 260,9 258,5 4,7 1,05826 -1,9 9,8 91,8 1380 -0,2 100
20080201 Start 8 240,1 264,7 262,1 259,5 5,2 252,8 270,0 267,6 265,2 4,8 1,05826 -0,4 10,1 74,8 1550 0,0 100
20080201 Start 7 231,1 255,6 253,1 250,6 5,1 243,8 260,3 258,0 255,6 4,6 1,05826 0,0 9,7 98,8 1286 0,0 100
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Table 3: Probability calculation for selective measurements  
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The combustion analysis showed that a connection between the adaptation 
factor for αE and the peak heat release exists. The lowest factor (1.01064) is 
necessary for a cold start to reach 0 % probability and the highest factor 
(1.05826) for 100 % probability. The 20 and 80 % factors lie between these two 
values. Figure 39 below clarifies these results and shows the average value of 
the peak heat release (x-axis) for the measurements printed over the adaptation 
factor (y-axis): 
Correlation between the adaptation factor for αE and the peak heat release
Cold start
Hot start with new 
calibration level
Hot start with old 
calibration level
Hot start with old 
calibration level 
(always autoignition)
y = 8E-05x + 0,941
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]
 
Figure 39: Adaptation factor for αE versus the peak heat release 
 
The black trend line shows dependency between the peak heat release of the 
measurements and the adaptation factor. It will be assumed that this 
dependency is linear.  
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A small peak heat release (cold start) requires a small adaptation factor and a 
greater peak heat release (old calibration level/ always autoignition) requires a 
greater adaptation factor i.e. the worse the start the higher the adaptation factor. 
The assumed linear dependency enables the calculation of the adaptation factor 
as a function of the peak heat release which will be obtained from the 
combustion analyses. The linear equation 6.3.4-1 below presents the 
mathematical expression for the trend line:  
 
941.000008.0 +⋅= xy              (6.3.4-1) 
where: 
y = Result: adaptation factor [/] 
x = Input parameter: peak heat release [J/ °CA] 
 
With equation 6.3.4-1 is it possible to calculate the adaptation factor linked to the 
peak heat release as an input variable. The result (adaptation factor) must be 
added to the angle αE as presented in equation 6.3.4-1. Afterwards the 
probability can be calculated with the equation 6.3.3-2.  
 
The theory developed (adaptation of the angle αE) was verified on three 
measurements. The following Table 4 shows the probability using the linear 
equation 6.3.4-1 for the adaptation of the characteristic crank angle αE.  
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Table 4: Knock probability calculated with adaptation equation 
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83,5 77,9 85,7Probability [%]
Angle αK [°CA]
αKmax. [°CA]
Angle αK with regard to the 
reference TDC 239°CA [°CA] 
αKmin. [°CA]
Delta αK [°CA] 
Original angle αE [°CA] 
αEmax. [°CA]
Angle αE adapted                
with factor [°CA]
Peak heat release [J/°CA]
Delta αE [°CA]
Offset factor for αE [/] 
Data File:
αEmin. [°CA]
KHB [°CA]
KHBmax. [°CA]
Combustion duration [°CA]
 
 
Three data sets from measurements with the old calibration level were used for 
the probability verification. The combustion analysis shows a peak heat release 
between 1160 to 1200 J/ °CA and a peak pressure between 49 to 52 bars (see 
Appendix D.5). The high value of the peak heat release shows that a high 
quantity of fuel is available in the combustion chamber. Therefore must it be the 
old calibration level. The calculated adaptation factor (see equation 6.3.4-1) lies 
between 1.0338 to 1.0370, depending on the peak heat release. Consequently 
the knock probability (see equation 6.3.3-2) is between 77.9 and 85.7 %. These 
results are realistic due to the high peak heat release of the analysed 
measurements. 
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Compared to the measurements which were used during the theory 
development (average peak heat release of 1070 J/ °CA) the peak heat release 
(average 1180 J/ °CA) is higher. Therefore the knock probability should be 
higher than 80 %. The results obtained fluctuate between 77.9 to 85.7 % due to 
the assumed linear equation which causes inaccuracies. A larger amount of 
measurements incorporated in the development of the adaptation equation 
6.3.4-1 will lead to increased prediction accuracy.  
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7. Conclusions and recommendations 
This master’s thesis focuses on the investigation of autoignition in a 1.4 l LE and 
1.6 l engine during hot start conditions. The investigation starts with a literature 
review showing the state of the art for fuel properties, autoignition and engine 
management. The fuel section discusses fuel behaviour taking into 
consideration high temperatures (boiling point), fuel structure (chemistry) and 
the tendency to autoignite (octane number). The section on engine knock 
explains facts about this phenomenon (appearance, kinds of autoignition etc.). 
The unit on engine management describes the engine control unit, which 
controls engine behaviour, and its abilities to eliminate autoignition.  
 
The chapter 4 about the methods of experimentation introduces the test 
vehicles, engines, equipment, set-up of the measurement chain and signal 
conditioning. The injector and the spark signal required the development of 
special electrical circuits for signal conditioning because of equipment 
restrictions. Detailed information in this regard is provided in the sub-sections 
and appropriate drawings are shown.  
 
Chapter 5 discusses the results of the vehicle measurements for the 1.4 l LE 
and 1.6 l engines relating to changes in application. The sub-sections present 
the responses of the engines relating to autoignition when e.g. spark timing, air-
fuel ratio, injection angle and quantity are changed. Furthermore a vehicle with a 
Bosch ECU is compared to a vehicle equipped with a PI-Shurlok ECU.  
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The results show that the only method to eliminate start-up knock is to decrease 
the quantity of fuel injected during cranking from 11 to 3.67 mg fuel per injection. 
VW operating procedures state that every change in application must be 
verified. Therefore the calibration level was tested in different environmental 
conditions (altitude and high temperatures; sea level, moderate temperatures) 
and different kinds of fuel (RON 93 and RON 90 FVI 100). The calibration levels 
for both 1.4 l LE and 1.6 l engines passed the tests successfully. Furthermore 
the effect of reducing the fuel during cranking on start time was investigated if 
the start time. The results showed that fuel reduction causes a marginal 
increase in start time (1.4 l LE + 186 ms and 1.6 l +138 ms). 
 
The focus of chapter 6 is on the prediction of autoignition. Therefore a simulation 
model in Matlab/ Simulink was built and configured to calculate knock probability 
for a 1.4 l LE engine during hot start. Different steps in the analysis are 
necessary to accumulate the required data e.g. a combustion analysis will 
provide information about the peak heat release and the mass fraction burnt. 
This information will be used to calculate the integral ignition delay, 
characteristic crankshaft angle and probability. The probability calculation is 
based on a linear equation which was developed in this thesis. The probability 
results show adequate correlation between the calculated and the expected 
results relative to the measurements which were used for verification. 
 
In spite of the good research results some issues remain open and will provide 
enough research work for a follow-up thesis. These points are: 
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• The accuracy of the linear equation could be increased with more 
process measurements which create the basis for the correlation 
between peak heat release and offset factor for the characteristic 
crankshaft angle. Spicher and Worret [13] made 400 measurements, a 
representative quantity, for the development of their probability equation.  
• Three measurements were presented for the model verification. A greater 
quantity of measurements from different application levels would prove 
the probability calculation for different hot start scenarios. 
• Using the simulation model for the calculation of knock probability for e.g. 
the 1.6 l and 1.4 l engine i.e. changing the model configuration.  
• Link the zero dimensional Matlab/ Simulink model with a three 
dimensional computational fluid dynamics (CFD) calculation with respect 
to the combustion analysis.  
 
Today simulation tools are becoming a necessity to improve engine design and 
development. This trend will continue and in certain areas intensify due to the 
fact that simulation is more cost effective than actual testing. The simulation of 
knock probability is not very common at present as with the areas mentioned 
above, but this field of has huge development potential. The greatest advantage 
is that the engine can be pushed much closer to its knocking limit, increasing 
engine efficiency. Consequently more technical publications will document 
progress in the field of engine development in the future.  
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A.3. Research octane number vs. number of carbon atoms 
 
 
 
B.1. Test vehicles model Golf A1 
 
 
 
Appendices 
 
 - 128 -
B.2. Measurement equipment 
 
National Instruments Data Acquisition Box USB-6259 
 
 
Kistler Industriel Charge Amplifier model 5073A411, 4 Channel, BNC  
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AVL Spark Plug Transducer ZF42  
 
 
Magnetic Pick-Up 
 
 
Knock Amplifier 
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Pin–Out Box 
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B.3. Wiring diagram of the PI-Shurlok ECU 
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B.4. Peak voltage of the spark signal 
 
 
The @-value in the top right corner shows the peak voltage of the spark signal. 
 
B.5. Signal conditioning box 
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C.2. Bosch system with adjusted injection quantity 
C.1. Comparison between Bosch and PI-Shurlok  
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C.4. Crankfuel map 1.6 l 
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C.5. Start time measurement 
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Appendices 
 
 - 139 -
D.1. Integral ignition delay main model  
 
 
D.2. Ideal gas temperature sub model 
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D.3. Reference measurement 
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D.4. Range of dispersion of IK and Kref. 
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D.5. Combustion analysis   
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E.1. Selective Matlab scripts 
 
Calculation of the maximum dp/ dt and peak pressure values: 
 
clc                           %clear screen 
delta = 20;                   %interval 
startv = 50000;               %starting point for the calculation   
endv = 250000;                %ending point for the calculation  
f = 20;                       %factor calculation pressure 1 V = 20 bar
 
datacylp = datanidaq(startv:endv,5:8);   
datatime = datanidaq (startv:endv,12); 
datamod = [datacylp datatime];          %creating an array from the      
                                         other two arrays 
  
pstart1 = datamod(1,1)*20;              %drift compensation 
pstart2 = datamod(1,2)*20; 
pstart3 = datamod(1,3)*20; 
pstart4 = datamod(1,4)*20; 
  
P1 = (datamod(:,1)*f)-pstart1;          %Pressure Cylinder 1 
P2 = (datamod(:,2)*f)-pstart2;          %Pressure Cylinder 2 
P3 = (datamod(:,3)*f)-pstart3;          %Pressure Cylinder 3 
P4 = (datamod(:,4)*f)-pstart4;          %Pressure Cylinder 4 
T = datamod(:,5); 
  
ws=40;                                  %window size for filter 
PF1 = filter(ones(1,ws)/ws,1,P1);       %filtered pressure signal 
PF2 = filter(ones(1,ws)/ws,1,P2); 
PF3 = filter(ones(1,ws)/ws,1,P3); 
PF4 = filter(ones(1,ws)/ws,1,P4); 
  
  
dt = T(delta:end)-T(1:end-delta+1);     %calculation of the time   
                                         interval 
  
dP1 = PF1(delta:end)-PF1(1:end-delta+1);%calculation of the pressure    
                                         interval for cylinder one 
dpdt1 = dP1./dt;                        %calculation of dp/dt 
  
dP2 = PF2(delta:end)-PF2(1:end-delta+1); 
dpdt2 = dP2./dt; 
dP3 = PF3(delta:end)-PF3(1:end-delta+1); 
dpdt3 = dP3./dt; 
dP4 = PF4(delta:end)-PF4(1:end-delta+1); 
dpdt4 = dP4./dt; 
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peakCyl1 = max (PF1(:,1));        %maximum peak pressure value 
peakCyl2 = max (PF2(:,1)); 
peakCyl3 = max (PF3(:,1)); 
peakCyl4 = max (PF4(:,1)); 
 
dpdtCyl1 = max (dpdt1);           %maximum dp/ dt value 
dpdtCyl2 = max (dpdt2); 
dpdtCyl3 = max (dpdt3); 
dpdtCyl4 = max (dpdt4); 
 
 
Plot the pressure, the injector, the spark and the knock signal with regard to the 
crank angle and the opening/ closing angle of the intake/ exhaust valve:
 
clear all 
clc 
 
%% CAM profiles 
 
load CAM                   %load the data 
load lift 
load Boschsparkminus18 
  
P3 = eightrev(:,3);        %read the single raws 
P2 = eightrev(:,2);   
P4 = eightrev(:,4); 
P1 = eightrev(:,1); 
inj1 = eightrev(:,5); 
coil = eightrev(:,6); 
knk = eightrev(:,7); 
t = eightrev(:,8); 
  
CAM = CAM14LE; 
As = As14LE; 
Eo = Eo14LE; 
  
for i = 1:length(CAM) 
    if CAM(i,2) > 1 
         break
    end 
end 
s1 = abs(CAM(i,1))+Eo;        %Inlet open 
for i = length(CAM):-1:1 
    if CAM(i,2) > 1 
         break
    end 
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end 
 
s2 = -(CAM(i,1))+As; 
plot(CAM(:,1)+s1,CAM(:,2),CAM(:,1)+s2,CAM(:,2),'LineWidth',2) 
grid 
hold on 
plot(CAM(:,1)+s1-720,CAM(:,2),CAM(:,1)+s2+720,CAM(:,2),'LineWidth',2) 
xlim([-720 720]) 
P2=P2(1:end-700,1); 
inj1=inj1(1:end-700,1); 
coil=coil(1:end-700,1); 
knk=knk(1:end-700,1); 
t1 = linspace(-720,720,length(P2))-10; 
 
%% Plot the different lines 
 
plot(t1,P2*4,'k','linewidth',2); 
plot(t1,inj1*2,'g','linewidth',2); 
plot(t1,coil*2,'r','linewidth',2); 
 
text(20,15,'Intake','FontSize',10,'FontWeight','bold') 
line([0 0],[ -2 16],'color','c','LineWidth',1,'linestyle','--') 
line([180 180],[ -2 16],'color','c','LineWidth',1,'linestyle','--') 
text(200,15,'Compression','FontSize',10,'FontWeight','bold') 
line([360 360],[ -2 16],'color','c','LineWidth',1,'linestyle','--') 
text(380,15,'Power','FontSize',10,'FontWeight','bold') 
line([540 540],[ -2 16],'color','c','LineWidth',1,'linestyle','--') 
 
%% Plot the graph labels 
 
title('Spark Angle 12° advanced (18° BTDC; Cylinder     
             2)','FontSize',14,'FontWeight','bold') 
xlabel('Degree Crankangle','FontSize',12,'FontWeight','bold') 
ylabel('Valve Lift [mm]/ Pressure (times 5)      
             [Bar]','FontSize',12,'FontWeight','bold') 
 
 
 
Data Acquisition with the National Instruments 6259 data acquisition box:
 
%Start Data Acqusition Box!! 
 
close all 
clear all 
clc 
  
%% Create an analog input object to communicate with the data 
acquisition device. 
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ainidaq = analoginput('nidaq','dev2'); 
addchannel(ainidaq,[0 1 2 3 4 5 6 7 16 19 20], 1:11); 
  
%% Configure the object to acquire 15 seconds of data at 50000 Hz. 
  
FsCH = 50000;                                          % Sampling Rate 
duration = 15;                                         % Duration 
  
%% Add a time axes to the data matrix 
  
nitchannel = linspace(0,duration,(duration*FsCH))';    % Channel 
  
%% Set Object Propertis 
  
set(ainidaq, 'SampleRate', FsCH); 
set(ainidaq, 'SamplesPerTrigger', duration*FsCH); 
  
%% Start the acquisition and retrive the data. 
  
start(ainidaq); 
datanidaq = getdata(ainidaq); 
  
%% Add Time to Data Matrix 
  
datanidaq = [datanidaq nitchannel]; 
  
%% Request Save Data 
  
prompt={'Do you want to save measured data? [Y/N]'}; 
name='Save measured Data'; 
numlines=1; 
defaultanswer={'Y'}; 
answer=inputdlg(prompt,name,numlines,defaultanswer); 
  
switch lower(answer{1}) 
    case 'y' 
        prompt={'Save as'}; 
        name='Save measured Data'; 
        numlines=1; 
        defaultanswer={'20080227_649_HS_RON93_1350SOP_StartComp_27'}; 
        answer=inputdlg(prompt,name,numlines,defaultanswer); 
        save (answer{1}, 'datanidaq') 
end 
  
disp('---------Finish---------') 
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Plot the measured data in a specific area:
 
a = 1; 
b = 250000; 
  
plot1 = plot(datanidaq(a:b,12),datanidaq(a:b,1:11)); 
 
set(plot1(1),'DisplayName','Injector 1'); 
set(plot1(2),'DisplayName','Injector 2'); 
set(plot1(3),'DisplayName','Injector 3'); 
set(plot1(4),'DisplayName','Injector 4'); 
set(plot1(5),'DisplayName','Pressure Cyl.1'); 
set(plot1(6),'DisplayName','Pressure Cyl.2'); 
set(plot1(7),'DisplayName','Pressure Cyl.3'); 
set(plot1(8),'DisplayName','Pressure Cyl.4'); 
set(plot1(9),'DisplayName','Spark'); 
set(plot1(10),'DisplayName','Ref. - Signal'); 
set(plot1(11),'DisplayName','Knock Signal'); 
 
 
 
Processing the raw data for further calculations:
%% Take data 
%Starting point 
e = 72780; 
%End point 
f = 77740; 
  
C = Result(e:f,2); 
  
%% Delete Offset 
  
a=C(1,1); 
if a<=0,  
    C3 = C + abs(a); 
else a>0,  
    C3 = C - abs(a); 
end; 
%% Calculate Pressure from Voltage 
  
C4 = C3*20*10^5; 
  
%% Downsample raw data to 360 
  
C5 = length(C4); 
C6 = C5/360; 
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C7 = round(C6); 
C8 = downsample(C4, C7); 
  
%% Bring it to the right length 360 points 
  
L = length(C8); 
  
if L<=360,  
    L2= 360 - L; 
    L3 = C8(1:L2,1); 
else L>360,  
    L2 = L-360; 
    L3 = C8(1:L2,1); 
end; 
  
if L<=360,  
    C9 = [C8(:,1); L3(:,1)]; 
else L>360,  
    C9 = C8(L2+1:L,1); 
end; 
  
%% Create degree crank angle 
  
y=linspace(1,360,360)'; 
  
%% Combine crank angle with pressure in one matrix 
  
Combustion = [y C9]; 
  
%% Calculate Differential pressure 
  
Dif2 = Combustion(:,2) - Compression(:,2); 
Dif3 = abs(Dif2); 
Dif = [y Dif3]; 
  
%% Calculate TDC 
  
[x,y]  = max(Compression(:,2)); 
TDC = [x y]; 
  
%% Clear variables 
  
clear C C3 C4 C5 C6 C7 C8 C9 y Dif2 Dif3 L L2 L3 a x y e f 
  
%% Plot graph 
  
plot 
(Combustion(:,1),Combustion(:,2),Compression(:,1),Compression(:,2),Dif(
:,1),Dif(:,2)); 
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F.1. Electronic version of the Master’s Thesis 
 
Content of the CD: 
• Master’s Thesis as a pdf and a Word document 
• Matlab/ Simulink scripts and model 
• Literature 
• Figures and tables 
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G.1. Proposed publication 
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